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INTRODUCTION 





The purpose of this thesis is twofold; first, to 
present a review of pertinent literature on cyanidation 
and second, to report the writers’ investigations on the 
effect of cOpper in the cyanidation of cupriferous gold 
ores. 

In reviewing the literature on cyanidation it was 
soon appreciated that the theory of cyanidation, until 
recently, has been the neglected phase of the cyanide 
process. While the fundamental mechanism of gold 
dissolution by cyanide solution has been recognized 
since the inception of the process in the middle of the 
last century, it was not until the last éecade that the 
theoretical confirmation was expounded. The theories 
of all important control features of the process have 
been the postulations of confused thinking, resulting in 
many conflicting ideas and beliefs. This condition has 
been fostered by the intricate nature of the treated 
ores and by the slightly better than superficial know. 
ledge of chemistry of the investigators. To date, all 
the text-books have stressed the practical application 
rather than the theoretical side of the subject. Recent 
application of principles of physical chemistry, in 
particular thermodynamics, has helped to clear up many 
of these anomalies. So it was thought that a review of 


the literature of cyanidation might best be presented 
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as a treatise on the theory of cyanidation which con. 
sOlidates all the recent developments. 

The frequency of occurrences of copper minerals 
in gold ores, the difficulties encountered in the 
cyanidation of such Ores, and the lack of success in 
solving many of these difficulties prompted invest. 
igations into the effects of various factors on gold 
recovery and ecyanice consumption in the cyanidation of 
cupriferous gold ores. In order that these factors 
might be better appreciated an extensive study of the 
chemistry of copper relating to cyanidation was made, 
In addition, the literature dealing with existing and 
past practise on non-cupriferous ore was studied to 
determine its application to cupriferous ores. 

Experimental work on cyanidation, in the past, has 
fallen into two categories; theoretical and practical. 
The former class embraces experiments, such as the 
dissolution of pure gold in fresh cyanide solution, 
aimed to establish fundamental relationships. The 
latter class is carried out to indicate the most 
efficient or economical treatment of a particular ore. 
Many investigators have condemned the first type, 
because of the complexity of ores they have failed to 
realize any practical application of the results. The 


second class has added little to the basic understanding 
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of cyanidation because too often only positive results 
have been reported and no great attempt has been made 
to correlate elementary concepts with the experimental 
findings. 

In this investigation an effort has been made to 
determine fundamental relationships that might be 
practically applied to cupriferous gold ores generally. 
However, interpretation of the results must be considered 
qualitatively rather than quantitatively, and therefore, 
the necessity of specific tests on particular ores is 
not eliminated. It is hoped that the results of this 
investigation may prove helpful in planning and performing 


the specific tests. 
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CYAN TBRPE PROCESS 
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THE THEORY OF THE CYANIDTH PROCESS 


The cyanidation of precious metal ores involves 
numerous chemical reactions, some of a very complex 
nature. <A knowledge of these reactions, their products 
and influencing factors, are important in working out 
the most economical conditions for cyanidation, 

In general the cyanide process comprises three 
Main operations; dissolution, precipitation, and 
cyanide regeneration. These will be discussed in turn, 


with reference to work done by other investigators. 
I DISSOLUTION 


A. DISSOLUTION EBQUATIONS AND THERMODYNAMIC CONSIDSRATIONS 





The simplest form for the dissolution of gold in 

dilute cyanide solutions may be expressed as follows: 
Au £ 2CN" = Au (CN) 5 f e@ 

However, several mechanisms have been proposed for 
the dissolution of gold. Elsner (37), MacLaurin (38), 
Christy (39) and Bedlaender (40) have shown that 
oxidation by oxygen or some other reagent is necessary 
in the cyanide process. For example, Blsner represents 
the dissolution of gold by the following equation; 

4Au 4 8KCN £ On(aq) A 2H20 = 4KAu(CN), 4 4KOH 
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Bedleender suggests that the dissolution of gold proceeds 
according to the following equations; 

2au £ 4KCN 4 0, # 2H,0 = 2KAu(Cli)o 4 2KOH f HZ0 

The hydrogen peroxide formed, is used in the reaction; 
2au % 4KCN #£ Ho0> # 2KAu(CN)o 4 2KOH 

The overall equation is the same as that given by Hlsner, 
however, Bodlaender was able to account for as much as 
75% of the hydrogen peroxide given by his first equation. 
This would tend to indicate that Hlsner's equation is 
not strictly correct. 

Janin (41) suggests that gold is dissolved with the 
liberation of hydrogen according to the equation: 
2au 4 4KCN 4 2H20 » 2KAu(CN), # 2KOH 4 Hp 
Janin's equation does not appear to represent correctly 
the dissolution of gold, in that, no hydrogen has been 
detected in the ordinary alkaline cyanide solutions, 
although it is possible that the hydrogen might unite 
immediately with oxygen to form water and thereby escape 
detection. 

Barsky et al (1) attacked the problem of determining 
the most probable equation for representing the dis. 
sOlution of gold, by an application of the theory of 
"free energy change" to the different chemical reactions. 
They state, "It is possible to determine whether or not 


@ given reaction will theoretically take place by 
calculating the free energy of the reaction. This free 
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energy value for any given reaction is the algebraic 
sum of the free energies of formation of each of the 
reactants and products and if these values are known 
the calculation is simple. A chemical change always 
involves an energy, and the amount of energy change 
involved is the factor determining whether a given 
reaction will take place or how far it will go. In 
chemistry we consider what is known as the free energy, 
that is, the maximum amount of energy that can be 
utilized as work or be transformed into a form of 
energy Other than heat. This energy can be measured 
by means such as we have used here.* 
With this data on free energies the equilibrium 
constants of the various equations proposed were cal. 
culated, the equilibrium constant being a gauge of the 
completeness of the reaction. 
For Blsner's equation; 
4au 4 8KCN 4 2H20 4 0, = 4KAu(CN), 4 4KOH 
Kes 1906 0 

Similarly for Bodleander's equations; 

2au £ 4KCN 4 2H20 4 0, 2 2KAu(CN), 4 Ho02 4 2KOH 
K s 1926 9 and for 

2au 4 4KCN £ HO = 2KAu(CN), £ 2KOH 
K -- 1047+8 

These equilibrium constants indicate that in the 
presence of oxygen the reactions would proceed practically 
to completion. Although Elsner's equation gives the same 
final products as the sum of Bedlaender's equations, it 
is not strictly correct, because it does not express the 


intermediate step involving the production of hydrogen 
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peroxide, the formation of which Bodlaender proved, 

For Janin's equation; 

2Au 7 4KCN ~£ 2H50 = 2K Au (CN) 7% 2KOH 4 Hy 

K » 10-909 

Here the equilibrium constant is so very unfavorable 
that the formation of hydrogen may be considered 
impossible under ordinary cyanidation conditions. 

Thus it would appear that Bodlaender's equations 
represent the most probable chemical reactions for the 


dissolution of gold, 


Be FACTORS AFFECTING THE DISSOLUTION OF GOLD 


1. Cyanide Strength Temperature 





In the early days of cyanidation, cyanide solutions 
containing 0.25% sodium cyanide and higher were used 
in the dissolution of gold. With the arrival of fine 
grinding the strength of golutions was reduced and to. 
day most cyanide plants use solutions around 0.05% 
sodium cyanide. 

According to MacLaurin (42) the rate of the sol. 
ubility of gold in potassium cyanide solutions passes 
through a maximum in passing from concentrated to dilute 
s0lution, with the maximum dissolution occuring at a 
0.25% potassium cyanide or an equivalent of 0.19% 


sodium cyanide solution. Further, MacLaurin explains 
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that this variation is due to the decreased solubility 

of oxygen in cyanide solutions with increased concentration. 
However, in a more recent investigation on the rates 

of dissolution of pure gold in solution containing from 

zero to 0.50% sodium cyanide, with no alkali added, Barsky 

et al (1) found that the maximum rate of dissolution 

was obtained with a 0.05% solution of sodium cyanide, 

which corresponds with concentrations used in modern 

mill practice. Further, to determine whether there is 

any relationship between cyanide strength and oxygen 

dissolved, oxygen determinations were made on the differ. 

ent cyanide strength solutions. Results are tabluated 

in Table 1. Unlike MacLaurin they found the solubility 

of oxygen was practically unaffected by the concentration 

of cyanide. 


Table 1 Relative Amounts of Gold Dissolved and Solubility 
of Oxygen in Cyanide Solutions 





NaCN in Solution Gold Dissolved in Oxygen per 

percent l hr. Mg. per. Sq. Liter. Mg. 
CM « 

0,500 2.943 8.33 
0.250 3.007 8.29 
0.100 2.986 7.96 
0.059 3.201 8.92 
0.025 2.513 7.99 
0.010 0.338 8.25 


8.20 


0.0 (distilled H,0) -.- 
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Hedley (11) in his investigations similarly noted 


that the maximum rate of dissolution was obtained for a 
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0.05% sodium cyanide solution. In addition the solution 
contained a small percent of sodium hydroxide. 

Temperature plays an important part in the dissolution 
of gold in cyanide solutions. By increasing the temp. 
erature the rate of dissolution of gold is increased 
until a maximum is reached at 85°C. After this point 
there is a decrease in the rate of dissolution. Also, 
as the temperature is increased, cyanide consumption is 
increased. Above 38°C cyanide consumption is quite 
heavy and would offset any advantage gained by heating 
cyanide solutions. The most suitable temperatures at 
which to maintain solutions is between 15°C and 20°C. 

The increased dissolution of gold and other metals in 
cyanide solution with increased temperature is illustrated 


in Table 2 from Mellor (50). 


Table 2 The Dissolution of Metals in a 1.85% Potassium 





__ Cyanide Solution 
Metal Milligrams dissolved per sq.cm. 9f surface 
156° 910 
Aluminum 0.096 4,510 
Zine 0.054 0.552 
Copper 0.05 1.263 
Silver 0.91 0.069 
Gold 0.009 0.229 
Iron trace 0.010 
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2. Alkalinity 

Although alkalinity does not enter directly into 
either the dissolution or precipitation reaction, its 
presence in solution is essential to successful 
cyanidation, When sodium cyanide dissolves in water, 
the hydrolysis reaction is, 

wa? # CN” £ HAO @ wa’ # OH- # HCN 
or dropping the sodium ion 

Gur 4 Ho0 = ON> 4 GON, 6 6. 6 ke ee CD) 


Now from Prutton and Maron (49) 


(i) (CN) 


HCN = 7,2x10729, eo © © © © © © @ @ (2) 
and for H0 | 
(a) (087) SO i iow bo ~tprtoupler nqtonrd(3) 


dividing (2) by (3) we have 


wae = st SALON ON, VOOR Oren Oh ola) 
if the OH™ concentration varies then the CN” concentration 
must vary. This relation can be further illustrated by 
the following calculations. Taking a 0.10% cyanide 
solution (0.0204 Molar) and letting x equal the percent 
dissociation, we have | 

HON s H + CN 

(09,0204 - x) = xf x 
For a pH of say 10% the hydroxal concentration 


(OH") = 10°* from equation (3). 
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Substituting in equation (4) we have 


= 4 
A TC PN CIS AEE AE A OS BE ESAS ES 9 
(0.0204 = x) (10-*) aks sakes 
Solving x # 0.0179 
Therefore the percent dissociation for a pH of 10 


is 0.0179 . 
070004 = 3748 


These calculations were repeated for various pH values 
and the results drawn up in the accompanying graph -fig. 1. 
From the graph it is apparent that a high pH, that 
is, high OH” concentration, is preferable in the cyanid- 
ation of gold. For example, at a pH of 9 the dissociation 
of HCN is only 42% of the cyanide strength and although 
this dissociation is maintained when cyanide is consumed, 
it is still sufficiently low to seriously retard gold 
dissolution. Nevertheless, this point may be utilized 
in controlling the formation of various cyanicides, for 
example, pyrrhotite. Haden (5) illustrates the 
importance of alkalinity control in cyaniding a gold ore 
associated with acucnopyrite and pyrrhotite. The optimun 
pH value for dissolution was between 8 and 9. For a pH 
above 10, cyanide consumption increased, dissolution of 
gold decreased, and the formation of thiocyanates in. 
creased. This tends to confirm the hypothesis of the 
attack of excess alkali on pyrrhotite. Below a pH of 


7, cyanide destruction was great due to the formation of 
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ferrocyanides and liberation of HCN, 

In the ordinary cyanide process the hydroxyl ion 
has three principal functions (27): 
1. Flocculation of particles of colloidal size, thus 

increasing their settling rate, 
2. Neutralization of the acid forming cyanicides in 
the ore, . 

3» Suppression of the hydrolysis of the cyanide salt. 
The cyanide salt ionizes in water in accordance with 
equation (1). The addition of OH™ ions forces the 
reaction to the left, preventing the formation of: 
poisonous HCN. | 

As previously indicated in fig. 1, it is apparent 
that a high OH” concentration is preferrable for 
supplying the necessary CN- concentration (by the 
dissociation of HCN) for gold dissolution. However, 
the method of introducing the hydroxyl ion, that is, 
by CaO, NadH, NaoC03, etc., is an important factor in 
the cyanide process. Barsky (1) in his investigation 
of the effects of alkalinity on the rate of dissolution 
of pure gold, found that lime, even in small amounts 
caused a very pronounced reduction in the dissolution 
of gold, whereas, sodium hydroxide had little effect, 
requiring very high pH values (above 13) before a 


serious reduction in the dissolution of gold was affected. 
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The great difference in the two alkali shows that some 
other influence besides OH” ion is at work. By further 
experimentation Barsky found that the great reduction 
in the rate of dissolution of gold in cyanide solution 
by the addition of lime is due neither to lower 
solubility of oxygen in the solution nor to the presence 
of calcium ions. Apparently both calcium and hydroxyl 
ions must be present to produce the full effect. 
Fahrenwald (3) similarly found that lime decreased 
the rate of dissolution of gold very markedly in strong 
cyanide solutions (6.054 lbs. per ton solution) in 
cyaniding a silicious gold ore, whereas, Na0H, NajC0, 
and NasgHPO,.12H50 had little effect on gold extraction. 
Two facts were brought out by the results of his tests, 
namely: 
1. Alkalinity (pH) eannot be the principal factor 
causing the decrease in the dissolution of gold or there 
would be a marked difference for NadH, Nagl0, and 
NaoHP04,.12H20 since there is considerable difference in 
the pH of these solutions. (Table 3) 
2. Cyanide consumption and rate Of dissolution are not 
directly connected, because both NaoS and CaO strongly 
inhibit the dissolution of gold but the cyanide loss in 
the case of NaoS is much greater than in the case of 


CaQ,. Likewise, there is a great difference in the 
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cyanide losses in solutions of NaOH and tae). but 
these two reagents have the same effect on the rate 
of dissolution of gold (Table 4). 

In an investigation on the cyanidation of a 
pyrrhotite gold ore Gritsuk (14) similarly found that 
selutions of high lime alkalinity were poor solvents 
for gold, whereas, if the hydroxyl ion was furnish by 
sodium hydroxide and the calcium ion by calcium 
chloride the solution was a good gold solvent. However, 
a certain minimum lime alkalinity must be maintained. 
Within the limits studied he found that sodium hydroxide 
had no effect on gold dissolution and that sodium 
carbonate counteracted the effect of high lime alkalinity 
when just sufficient sodium carbonate was added to 
precipitate the calcium, 

A recent innovation in Canadian milling practice 
was the discovery that good recoveries could be obtained 
when "aireslaked"® lime was used, but the use of water 
slaked lime led to poor recoveries (6). Air-slaked 
lime is prepared by, first water slaking in the ordinary 
way, then spreading it out in the open air in a layer 
about fue inches deep and turning the material over 
twice weekly for a month. 

It has been suggested that the difference in be. 


haviour of the two forms is probably due to the 
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difference in the Ca(OH)> and the CaCO, content. Water 
slaked-lime would be high in Ca(OH)» and low in CaC03. 

It would supply a powerful soluble caustic alkali, 

which reacts, in the case cited, with antimony compounds 
to give solutions detrimental to gold extraction. Air- 
slaked lime would be low in Ca(OH)» and high in Caco,. 
The Caco, is almost insoluble in eyanide solutions but 
remains in reserve, reacting only to neutralize the ore 
acidity and not supplying caustic alkali to the solution, 
to make it a solvent of the sulphides present. 

However, an investigation carried out at the Ore 
Dressing Laboratories in Ottawa by B.P.Cogne does not 
substantiate this explanation. It was found that when 
ealcite was used, stibnite went into solution to a 
much greater extent than might be expected from theor. 
etical considerations. Cases are also on record in 
which the use of lime was found necessary to provide a 
Suitable alkalinity, though the gangue itself was high 
in limestone, 

3. Oxygen and Oxidizers 

According to Blsner's andBodlaender's equations 
oxygen is indispensibdle in the dissolution of gold. It 
has been shown that the rate of dissolution of gold, in 
@ cyanide solution of constant Oxygen content, increases 


with the cyanide concentration reaching a maximum and 
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then decreases for higher concentrations. H.A.White 
(48) suggests that, since both cyanide and oxygen 
molecules must appear at the gold surface in the ratio 
called for by Blsner's equation, the rate of dissolution 
should be governed by the rates of diffusion of these 
two species of molecules. Thus, if the cyanide strength 
and oxygen conentration (pressure) were increased 
simultaneously in a constant ratio, the rate of dis. 
solution of the gold should be directly proportionate 
to the oxygen pressure (also to the cyanide strength). 
The experimental results obtained by Fahrenwald (3) 
bear out the above points. He found that the rate of 
dissolution of pure gold is directly proportional to 
the oxygen pressure, provided the cyanide strength of 
the solution is increased in the same ratio as the 
oxygen pressure. This observation applies to solution 
containing only cyanide and oxygen. The addition of 
other substances might cause the curve to deviate from 
a straight line. Further he found that the rate of 
dissolution of gold from an ore does not increase in 
proportion to the oxygen pressure in solution of constant 
cyanide strength, rather it tends to increase rapidly 
at first, reach a maximum and then diminish again. 
Barsky et al (2) similarly carried out an invest. 


igation on the effects of varying amounts of oxygen in 
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solution on the rate of dissolution of pure gold. 

They found that the rate of dissolution of gold in 
cyanide solution is directly proportional to the 

amount of dissolved oxygen in solution (Table 5). In 
the tests the gas delivered to the dissolution | 
apparatus was varied from zero, in which nitrogen 

alone was used, to 99.5% oxygen. It will be noted 

that gold will not dissolve in dilute cyanide golutions 


in the absence of oxygen. 


Table 5 Rate of Dissolution of Pure Gold With Varying 


Amounts of Oxygen in Solution 


Percent Oxygen Rate Of Dissolution 
Mges./Sq.Cm.ver hour 


0 0.040 
9.6 1.9032 
20.9 2304 
6061 7.618 
99.5 12.62 


Barsky's results appear contrary to those of 
Fahrenwald in that Barsky obtained a direct relation 
between the rate of dissolution and the partial pressure 
of oxygen, that is, the amount of Oxygen in solution, 
for a solution of constant cyanide strength, whereas, 
Fahrewald found that the rate of dissolution of pure 
gold from an ore does not increase in proportion to 
the oxygen pressure in solutions of constant cyanide 


strength, rather it tends to increase rapidly at first, 

























A 1 
i] ‘a 


ens of saaiiieiiiiah eitaerihens, aottuioe peer 4 i, 
al Se sides?) moltwlca ai negyxo bovioasib to 280m vs 
acituLoeard ost at bsrevileb gay ocd aveod edd 
nepgowsin #oliw at ,ores aott bottavy esew audereqgs 
beton of ILiw ¢l .acepyxe RE. ee of oan 2a enols ey) 
eaithesccaiad ehiasye es ulih as evlosetb ton [Liw biog sadt i te 
 sMegyxe ‘to eoneeds ort nk 


— 


paiyrey dviW bied era te nottuloseltad to eteh & oldat 


Keistplo® at menyx0 Yo et auoms | | 


noksuloaeld to staf negyx0 sneot|ed 
660.0 ‘ J 
ZEO.L d.8 
KS. 8.08 
SL ov £,98 
Se.SL 8, ee 





te osods of ysetInep Iseqgs #5 Lueet a 'yderad 

aetiesles soerls & bentaid o YXetsd dads ai dlawoetdet 
eiveestg feidiag edd ban motvuforsib to ote: sit ceomee 
eMokstulow, ai negyxe te tsapoma edd ,el sand ,meqyxo Te re) 
<ageteiw ,cignewts ebinayo ¢aataaos to nobtuLoa SG 70t 4 

erug te noksutueel To eter edt tect bast blewertat 

8s noidtoqong as onseTors dou e90b eto as moxt blog — a 

ob iasy@) Sunsenoo te aaoitwfon at eTNeeeTg Ae_Yxo ose i 
 taeet te Ubiges sesetont of ebued th castor ead i 
ne | a 


é 
* : 


( 
» ae 





(22) 


reach a maximum and then diminish again. However, 
he did find that the rate of dissolution is directly 
proportional to the oxygen pressure, provided the 
cyanide strength of the solution is increased in the 
same ratio as the oxygen pressure. 

This apparent contradiction of investigational 
results is possibly due to the fact that Barsky 
investigated dissolution rates with the partial pressures 
of oxygen below and up to atmospheric pressure, whereas, 
Fahrewald investigated pressures much higher. Had Barsky's 
investigations been continued, similar results might 
have been obtained. 

From the preceding investigational work on the 
dissolution of gold in oxygen-bearing cyanide solutions, 
the following points are noted; 

l. The rate of dissolution of gold, in a cyanide 

solution of constant oxygen content, increases with the 
eyanide concentration reaching a maximum and then de. 
creases for higher concentrations. 

2. The rate of dissolution of gold in a solution of 
constant cyanide strength does not increase in proportion 
to the Oxygen pressure, rather it tends to increase 
rapidly at first, reach a maximum and then diminish again. 
3. The rate of dissolution of gold is directly proport. 


ional to the oxygen pressure provided the cyanide 
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strength of the solution is increased in the same ratio 
as the oxygen pressure. 

White (48) has suggested, that since both cyanide 
and oxygen molecules must be present at the surface of 
the gold to effect its dissolution, it would appear 
that the rate of dissolution should be governed by the 
rates of diffusion of these two molecules. The rate 
at wnich the molecules of any particular species arrive 
at the surface depends on both the species in guestion 
and its concentration in solution. If conditions were 
such that the molecules of cyanide and oxygen appeared 
at the gold surface in exactly the right proportions 
the dissolution rate would have a certain figure and 
this rate would fall off for a decreased rate of supply 
of either cyanide or oxygen molecules. 

White's hypothesis explains the experimental 
evidence in part only. It accounts for the increase 
in the rate of gold dissolution with cyanide concentration, 
reaching a maximum, in a cyanide solution of constant 
oxygen content. But it does not explain the decrease 
in gold dissolution, when the cyanide concentration is 
increased beyond that required for maximum dissolution, 

The writers propose the following, that the dis. 
solution of gold in an oxygen-beering cyanide solution 


is a heterogeneous reaction of the type including the 
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solid, ionic and gaseous state. An increase in cyanide 
concentration beyond that required for maximum dis. 
sOlution may result in a decrease in the diffusion rate 
of the oxygen molecules te the gold surface. In other 
words, & large increase in concentration, with a sube 
sequent increase in the diffusion rate, of one of the 
molecules is at the expense of the other, resulting in 
a decreased rate of gold dissolution. 

Since oxygen is indespensible in the dissolution 
of gold by cyanide solution the use of chemical oxidizing 
agents has found a varied application in increasing the 
dissolution of gold and the treating of ores presenting 
special difficulties. Mellor (51) in discussing the 
investigational results of early investigators notes 
that ezone, Oxygen and hydrogen peroxide accelerate the 
dissolution of gold. Among the accelerating agents he. 
includes potassium perchlorate, periodate, permanganate, 
sulfate, ferricyanide and carbonate; sodium sulphate and 
peroxide, ammonium sulphate; chlorine, iodine and 
bromine--the most marked action occurring with potassium 
ferricyanide, potassium or sodium sulphate and sodium 
peroxide. Scarcely any acceleration was observed with 
potassium chlorate, bromate or iodate or sodium stannate; 
while no appreciable change occurs with sodium, cobalt, 


cupric chloride or with mercuric cyanide. Ammonium 
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persulphate accelerates the action, while potassium 
nitrite and ammonium vanadate are indifferent. Organic 
substances with oxidizing properties raise the solvent 
action of alkali cyanide on gold, for example, nitroso. 
Beenaphthol nitrobenzene, O.-nitrophenol, and picric 
acid. 

Prentice (4) presented a practical method of in- 
creasing the oxygen content of cyanide solutions, which 
is being put into practice on the Rand. There, due to 
the high altitude, the normal oxygen content of the 
water is low. By submitting the solution to a pressure 
of 65 pounds per square inch the oxygen content is in- 
creased, with a resulting lowering of tail assays and 
the remarkable reduction in cyanide consumption of 30%. 

Further application of chemical oxidizers is 
illustrated in an investigation of Leaver (7), in which 
he found thet the harmful effects of soluble lead compounds, 
due in part to the consumption of oxygen in solution, 
could be rectified by the addition of artificial oxidizers 
as sodium peroxide and hydrogen peroxide. Beck (9) 
similarly found that hydrogen peroxide eliminated the 
effect of lead salts and alkali on gold dissolution, 
although oxygen teste# prior to the addition of hydrogen 
peroxide, showed that the solutions were almost completely 


saturated with oxygen. 
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To date, the practical application of artificial 
oxidizers in cyanidation has been limited principally 
to the use of sodium peroxide and hydrogen peroxide, 
the failure of similar reagents being chiefly due to 
their cost or tendency to oxidize cyanides to cyanaties 
which do not dissolve gold. 

4, Sulphide Ions 

"Sulphide ion retards the dissolution of gold when 
present in concentration to the extent of more than 5 mg. 
per liter® (25). Putnam (30) has shown that neither 
the oxygen depletion nor the thiocyanate formation 
hypothesis can adequately account for this retardation 
and suggests that the effect is caused by the adsorption 
of sulphide ion by the gold at the metal-solution inter. 
face, thereby isolating the gold from the solution, 

In the literature on cyanidation considerable con. 
tradiction is found as to the actual existance of the 
sulphide ion in ordinary cyanide solutions. Betel1 (28) 
states; “it rarely happens that sulphides are present 
in cyanide solutions." Clennell (29) states, "Soluble 
sulphides can seldom be detected and in any case, would 
rapidly be destroyed by conversion into thiocyanates or 
precipitated as Zns." 

Despite the fact that many investigators have shown 


that soluble sulphides do not exist in mill solutions, 
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especially when zinc precipitation is used, there are 
those who adhere to the idea that the principal function 
of lead salts in cyanidation is to remove soluble 
sulphides from the solution. While it is true that 
lead salts will remove soluble sulphides it seems futile 
to add lead salts for something which does not exist, 
except in exceptional cases. 

The absence of soluble sulphides in mill solutions 
is readily understandable from three considerations 
noted by Clevenger (10) which prevent their accumulation 
in the solution and actual formation, except perhaps 
momentarily. 

1. Zine taken into solution during precipitation appears 
to be as effective for their removal as lead salts 
added intentionally; 
2. Sulphides rapidly form sulphocyanates with the simple 
alkaline cyanides which are always present; 
3. Alkaline sulphides rapidly oxidize to thiosulphates, 
which in turn probably oxidize to sulphates which cannot 
rise above a small percentage on account of the slight 
s0lubility of calcium sulphate. The instability of 
sOluble sulphides is further illustrated by Clevenger 
in a case in which Naos was deliberately added for 
another purpose and that by merely decanting from one 
tank to another, it disappeared. 

Thus, it would appear that the retardation of the 


dissolution of gold by the sulphide ion is definitely 
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restricted to exceptional cases, as for example, new 
plants starting up with fresh solution. In any event, 
its presence can be successfully counteracted by the 
addition of the proper amount of lead salt, 

"The best method available at present for the 
detection of minute concentrations of the sulphide ion 
in alkaline cyanide solutions is the nitroprusside 
test, with a sensitivity of only one part in fifty © 
thousand (26)." Since sulphide ion, when present in 
concentrations more than 5 mg. per liter (1 part in 
two hundred thousant), retards the dissolution of 
g0ld, this method would seem inadequate to assure the 
absence of the sulphide ion, 

5. Addition Reagents 

As early as 1893, MacArthur and Bllis were granted 
patents for the use of lead plumbate, carbonate, acetate 
and sulphate; mercuric chloride; manganese sulphate or 
chloride; ferric hydroxide or oxide, as well as various 
zineates and other oxides in connection with cyanide 
solutions for increasing the extraction of precious 
metals. Cyanogen bromide similarly proved effective in 
increasing gold extraction in experiments made in 1894 
(45). On the whole the mechanism by which these 


reagents function is not completely understood. 
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When cyanogen bromide is added to a solution of 
potassium cyanide the following reactions ensue (45); 

BrcN # KCN = KBr ~ 20N 
In the presence of metallic gold and an excess of 
potassium cyanide the further reaction proceeds; 

2KCN # 2Au # 2CN s 2KAu(CN), 
Or as the two reactions are in reality simultaneous this 
may be expressed as follows: 

2KCN # 2Au A BrCN = 2KAu(CN). 4 KBr 
A similar but simpler process was used by adding a small 
amount of dilute bromine water to a dilute solution of 
potassium cyanide in the presence of metallic gold. 
The reactions that take place may be analysed as follows; 

®KCN # Br = KBr # CN # KCN 

Au 4 CN # KCN = KAu(CN)5 
Or as the reactions under favorable circumstances may 
s) Simul taneous; 

2KcN # Au f Br = KAu(CN)o 4 KBr 

The principle application of cyanogen bromide to 
date has been in the dissolution of gold tellurides, 
which are dissolved with the greatest difficulty in 
ordinary cyanide solutions. 

As previously stated the mechanism by which many 
of these addition reagents function is not completely 
understood. To this class belong the lead salts, with 


the largest varied application of all. At first the 
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practice of adding lead salts to cyanide solutions was 
commonly understood to be for two main purposes; 

1. To precipitate harmful impurities such as soluble 
sulphides. 

2. TO increase the activity of zine as a precipitant. 

As to the latter point, it is a common well established 
fact, although the actual mechanism by which it functions 
is not definitely established. However, as to the first 
point considerable contradiction exists, primarily, in 
that the existance of soluble sulfides in ordinary 
cyanide solutions is very doubtful. However, the fact 
that lead salts have been both beneficial and harmful 

in cyanidation is shown by the results of numerous 
investigations carried out in this direction. 

Clevenger (10) found that lead salts may accelerate 
the dissolution of silver from ores in which silver 
occurs as a sulphide through the more prompt removal of 
the sulfur ion from the system. Gold and silver 
extraction improved up te 0.5 lb. ef lead acetate per 
ton, while 1.0 lb. per ton almost nullified the effect 
of the lead salts. Also in certain cases with sulphide 
ores, lead may effect a saving of cyanide through re- 
tarding the formation of sulphocyanate or preventing 
the separation of elemental sulphur from the solution. 
(Elemental sulphur, with solutions of the alkaline 


cyanides, forms sulphocyanates). 
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Holt (36) has also shown, that the presence of 
the proper proportion of lead salts greatly accelerates 
the dissolution of silver sulphide in cyanide solutions, 
but that lead retards the dissolution of the antimonial 
compounds of silver. 

Johnson (32) states; "The use of lead salts notably 
renders insoluble, harmful impurities as soluble 
sulphides and the excess passing through with the 
solution to the extraction boxes, tends to maintain 
the efficiency of the couple.® 

Gritsuk (14), in cyaniding a pyrrhotitic gold ore, 
found that the use of litharge accelerated the dis» 
solution of gold and reduced reagent consumption con. 
siderably. Further, with increasing amounts of litharge 
the quantities of thiosulphate, thiocyanate and ferro. 
cyanide decreased. 

O'Connell (15), in cyaniding a sulphide ore, found 
that the addition of 0.5 lbs. of lead acetate per ton 
of Ore with excessive aeration a good recovery was 
obtainable, 

Haden (5) investigated lead salts with regard to 
their buffering action. He found the soluble salts the 
most active. Litharge had poor buffering qualities but 
had the advantage of being cheap. In cyaniding an 
arsenopyrite and pyrrhotite gold ore in the presence of 


lead, a cyanide solution of pH of 9.6 gave good gold 
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extraction and low cyanide consumption. As the 
quantity of lead was increased, so did the relative 
proportion of the thiocyanate increase over the ferro. 
cyanide in the final solution, while total cyanide 
consumption was reduced. Still further addition of 
lead eventually increased the cyanide consumption. 

Caldecott (33) states lead salts precipitate 
soluble sulphides, but the PbS formed is still an 
absorbent of O92 and KCN, forming PbO and KCNS, 

Leaver et al (7) found that the presence of soluble 
lead compounds during eyanidation slowed up the rate of 
dissolution of gold in the usual cyanide solution. 

They contribute it to the removal of oxygen from the 
solution and the coating of the gold with insoluble 

lead compounds. Further they illustrated that chemical 
oxidizers corrected the harmful effect of lead or by the 
use of such alkali as sodium hydroxide and sodium 
carbonate and a pH not exceeding 11, the lead compounds 
could be rendered harmless. 

Beck (9) similarly found that alkali soluble lead 
compounds were harmful in cyanidation and that hydrogen 
peroxide eliminated the effect of lead salts, although 
oxygen tests, prior to the addition of hydrogen peroxide, 
showed that the solutions were almost completely 


saturated with oxygen. Beck puts forth a hypothesis to 
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explain the action of lead salts as follows; the first 
stage in the dissolution of gold by cyanide is the 
formation of sodium aurate by oxidation in the presence 
of hydroxyl ions. This dissolves with the formation 

of sodium aurocyanide and hydrogen peroxide as in 
Bodlaender's equation. In the presence of lead salts 

the aurate is "fixed" as an insoluble lead aurate, which 
coats the gold and prevents further action by the cyanide. 

Von Bernewitz (31) mentions various ores from 
different parts of the world, in some of which the 
addition of lead was found useful and in others yielded 
no apparent result. 

Thus it is apparent that the use of lead salts is 
varied and én only be determined by careful experiment. 
ation. To quote Clevenger (10), "It may be said that 
the advantageous use of lead salts is one of the finer 
points of the game, and, even in cases where its use 
might be advantageous, unskilled application may spoil 
the whole effect." 

6. Base Metals 

The metals of greatest significance in the cyanide 
process next to gold and silver are copper, iron, zinc, 
lead and mereury. They involve chemicel reactions in 
which their complex cyanide and complex hydroxyl ions 


are formed, causing considerable cyanide consumption. 
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Of the metals under discussion gold, silver, iron, 
copper and mercury fom only complex cyanide ions; lead 
forms only the complex hydroxyl ion; and zine forms 
both. 

Two general types of mechanism have been postulated 
for dissolution of metals in an aqueous solution of CN 
ions; (26) 

1. Dissolution in an Oxygen-bearing Solution--Hlsner 
type equation. 
4cu 4 12CN- 4 05 £ 2H20 = 4Cu(CN) 3 4 4.087 


2Fe 4 12CN" # On A 2H20 = 2Fe (CN) 4 40H 


azn £ BN 4 Op f 2Hy0 = 2zn(cN)e "YZ 40H" 
2He A 8CN" 4 0, # 2H{0 = 2Hg(cN)2-4 40H7 
2. Dissolution in an Oxygen-free Solution-.Janin type 


equation, 


2cu 4 6CN" £ 2H20 = 2cu(cu)S” 4 20H" / HL 
Fe (CN)? £ 20H” 4 H, 
zn(CN)2° 4 20H” ¥ Hp 


Hg(cn)2” 4 20H” 4 Hp 


Fe / 6cn™ £ 28,0 
zn 7 4CN7 £ 24.0 
Hg 7 4cN- 4 2H,0 


Reynolds (26) calculated the free energy change 
and the equilibrium constants fer the Blsner type and 
the Janin type equations for copper, iron, zinc and 
mercury. Along with the Barsky et al (1) values for 
g0ld and silver these are listed in the following 
table, 
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Table 1 Free Energy Changes and Equilibrium Constants 
For Dissolution of Metals in an Aqueous Sol. 
ution of CN- ion 


Metal On-bearing Sol'n. O5-free Solutions 
Risner Equation _Janin iquation 
Iron aF° = .181,824;K= 10133-0 ars -32,400;K= 10°3°" 
Zine aF° = -156,904:Ke 10215-0 = aps 19 ,940;K= 1024" 
Copper  aF° = -241,204;Ka 10293*5 = p= .12,090;Ka 10°°9 
Gold dr® = ~90,036; Ks 1066+ ares £13 ,494:Ks1077 °7 
Silver adF° = 279,312; Kz 1058 «1 ares £18 ,856 ;Ks10723-8 
Mercury 4F° = -77,524: Kz 10°67 ares £19 ,750;K210724+° 





On the basis of the above thermodynamic data, we 
may say that; gold, silver and mercury are soluble in an 
oxygen-bearing solution of CN ions, but are insoluble 
in an oxygen-free solution of CN ions. Zinc, copper 
and iron are soluble in either an oxygen-bearing or an 
oxygen-free solution of CN” ions, but the reaction is 
more complete in the oxygen-bearing solution. 

The theory of free energy change is concerned 
solely with the change in state between the beginning 
and the end of the reaction. Ib gives us no information 
whatsoever on the speed of the reaction. It would be 
incorrect to assume, on the basis of the numerical value 
of the equilibrium constant that one metal will dissolve 


at a faster or a slower rate than another metal. No 
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theory of chemical kinetics has yet been developed 
which would enable one to predict the speed of the 
dissolution reaction. 
The application of the above theoretical dis. 
cussion on the dissolution of base metals is limited 
in practice, in that, ordinarily the metals do not 
occur in their native state, but in the form of 
various compounds. However, it does give an indication 
of some of the difficulties that may be encountered 
in the cyanide process because of their presence. 
Investigations carried out on a variety of minerals 
has revealed important information applicavcle to ores 
presenting special difficulties in cyanidation. Leaver 
and Woolf (12) in an investigation on the solubility 
of copper minerals, including metallic copper and under 
the ordinary conditions for cyanidation, found, that 
azurite, bornite, chalecocite, cuprite, malachite and 
finely divided metallic copper are readily and 
completely soluble. Hnargite and tetrahedrite are 
sufficiently soluble to cause an excessive loss of 
cyanide. Precious metal ores containing small per. 
centages of chalcopyrite or chrysocolla may give 
satisfactory returns with the usual cyanidation. The 
ratio of cyanide used to copper dissolved varies for 


each of the minderals given. It corresponds approx. 
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imately to an average molecular ratio of 3 cyanide to 
1 of copper. 

Further tests to determine the effect of copper 
in cyanide solutions on gold dissolution indicate 
that the presence of cOpper up to four pounds per ton 
of solution has no detrimental effect on gold extraction, 
provided the solution contains free cyanide equal to 
the quantity needed in fresh solution to obtain maximum 
recovery. Sodium.copper cyanide is a weak solvent for 
gold. Excess lime does not increase the extraction of 
gold by a copper cyanide solution but an excess of 
caustic soda greatly increases gold extraction. 

Further investigations by Leaver and Woolf (12) 
on all the common zine minerals, showed that smithsonite, 
hydrozincite, and zincite are sufficiently soluble under 
the usual conditions for cyanidation to cause an accumu. 
lation of gine in solution and thus impair the efficacy 
of the solution as a solvent for gold. Commereial zine 
dust is also readily soluble and therefore an excess 
Over that necessary to precipitate the gold should be 
avoided. The double sodium zinc cyanide by itself is 
a weak solvent for gold and silver but the addition of 
lime Or caustic soda libdsrates some free cyanide that 
will increase the efficacy of the solution. However, 


the zinc must be removed to obtain maximum dissolution 
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of precious metals. 

Cyanidation tests conducted by Hedley (11) on 
cOpper gold ores confirmed the results of Leaver and 
Woolf, in that, he similarly found that large amounts 
of copper (1%) in solution did not affect gold extraction, 
provided cyanide strength is maintained. Hedley states, 
that figures obtained by titrating copper bearing 
cyanide solutions with silver nitrate using KI as an 
indicator does not give a true measure of the free 
cyanide, in that it titrates part of the cyanide tied 
up by the copper cyanide complexes. He suggests that 
consistently high gold extraction can be obtained by 
maintaining the ratio of total cyanide to copper at 
4 tol, 

However, the writers contend that the amount of 
cyanide titratable from the dissociation of the copper 
cyanide complexes is negligible, because of the high 
dissociation constant for the complex cu(on)$ (K25.0x10-%9) , 
The decrease in the dissolution of gold should not be 
attributed to lack of free cyanide, because of incorrect 
figures obtained by titrating, but rather to the direct 
effect of copper on gold. 

Leaver and Woolf (47) carried out an investigation 
on cyanide extraction of gold in arsenic and antimony 


compounds. They prepared artificial compounds and from 
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the cyanidation tests obtained the following results: 

1. Direct cyanide treatment recovered nearly all of 

the gold in artificial iron-arsenic sulphide. Many 
natural arsenical pyrites similarly give high dis- 
solution of gold by cyanide, indicating that the gold 

is present in a mechanical mixture and is exposed by 
fine grinding to the dissolving action of cyanide. 
However, there are instances in which the gold seems 

to be in golid solution with the pyrite and does not 
respond to direct cyanide recovery from the raw ore. 

2, The gold compounded with ferric arsenate gave 80% 
extraction by direct cyanide treatment, 72% after 
roasting at 450°C and only 33.3% at 650°C. Lack of 
sulfur during the roast conde to prevent the formation 
of volatile arsenates and instead non volatile arsenates 
are formed which may lock up the gold against dissolution 
by cyanide. The addition of pyrite during roasting 
raises the recovery to 90%, 

3. Calcium arsenate seems favorable for the dissolution 
of gold by direct cyanidation. 

4. In the direct cyanide treatment of antimony compounds 
both iron antimony sulphide and ferric antimonate 

caused low extraction of gold with a high cyanide 


consumption, 
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5. Tests to determine whether poor extraction in direct 
cyanidation of certain arsenic and antimony ores could 
be attributed to the reprecipitation of gold, as carbon 
has been known to cause, gave no evidence to support 
this reaction. 

An experimental study of the influence of 
pyrrhotite on cyanidation by Leblanc (44) revealed the 
following interesting points; 

1. Effect of time of contact; 

S-", S047", CN, 05 and CaO decrease with time, 

$2037", SCN“, Fe(CN)¢"" increased with time, 

S05" ,» Little change, 

pH decreased almost linearly. 

2. Effect of Concentration of NaCi: 

S$, SOZ"SCN” increased with increase in concentration, 
$03”, 05 irregular results, : 

Some CN” going to CNO”, 

Loss of CaO greatest with small concentrations NacN, 
Ca0 loss decreased with aereace in concentration, 

pH followed the loss of lime, 

3. CaO varied: 

SCN and SOZ” increased with increase in CaQ, 
Fe(CN)Z-"" and (CN- loss) decreased at first, then constant, 
$5037 decreased. 

4. Different compounds of pyrrhotite; 


Of the two types investigated, Fey6 5,7 and Fe,5,, Fe, Ss 
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was found to be more active in the formation of S””, 
S03", 82037", CNS“, Fe(CN)7"~" and gave a larger decrease 
in ON” and Oo. 

5. Varying Pulp Density: 

so; and total S increased with decrease in pulp density, 
ae increased with decrease in pulp density, 

CN” loss increased with decrease in pulp density, 


CNS", Fe(CN)Z""~, $9037" constant. 


From the investigational work carried out on the 
various minerals of copper, zinc, arsenic, antimony 
and iron, it is apparent that these minerals in general 
present special difficulties in cyanidation, because 
of the large cyanide consumption and decreased dissolution 
of gold in their presence. 

7. Blectrochemical Reaction 

In the dissolution and precipitation of gold in 
alkaline cyanide solutions it seems probable that the 
various reactions are determined, as to their order 
and intensity, by the relative position of the elements 
concerned in the electro~chemical series. 

Such a series for the metals in pure agqueous 
sOlutions of their salts is given in Table 1 (26). 

Simply the table indicates that when two metals 
are in contact, the metal below accelerates the solution 
of the metal above it and is itself protected from 


dissolution by the latter, Or a metal tends to 
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precipitate from solution another metal which is below 
it and replace it in solution. 
Table 1 Blectrode Potentials at 25°C, Metal Ion at 


Unit Activity. Potentials Created by the 
Oxidation of a Metal 


Electrode Blectrode Reaction Potential 
Al: ase als a7’ £ 3(-) £1.70 

Zn; on’? Ins aul fe 2 (~) ¢ 0.762 
Fe yma’ ™: Fe 2 Fe? £ 2(~) ~ 0.441 
Pb; py? Pp = pu? - 2(=} f 0.126 
Ho; rf Hy = ou” # 2(2) 0.000 
cu; cu’ cus cu? 4£ 2(q) 20,345 

Ag; Agt Ags ao £ (4) - 0.798 
Hg: He J? 2Hg = Hef? ~ 2(+) - 0.799 
Au; wale Au 3 Aut fen) - 1.68 





But the series given in Table 1,(26), cannot be 
applied directly to the study of metals dissolved in 
mill solutions because the electrode potentials are 
different. The order of the metals in the electro. 
chemical series depends not only on the nature of the 
elements themselves, but also on the chemical composition 
of the solution in which they are placed, its degree 
of concentration, its temperature, and in the case of 
gases, on the pressure. Unless all these conditions 


are taken into account, inference drawn from the electro- 
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chemical series in studying precipitation and dissolution 
phenomena are likely to prove more misleading than useful. 

There are three principal reasons for these abnorm. 
alities in electrode potential and position (34); 

1. The mill solutions are far more dilute than 1N (unit 
activity) in all dissolved constituents. A LN solution 
of NaCN would contain 98 pounds of NaCN per ton, 

2. The CN and OH” concentration are interdependent. 

3. Certain common metals (lead and aluminum) do not form 
complex cyanides and the metals that do form complex 
eyanides show marked differences in the stability of 

the complex ion. 

Reynolds (26), in an application of basic electro. 
chemical theory, theory of free energy of chemical 
reactions and dissociations constants of complex ions, 
to the most probable reactions occurring in mill 
sOlutions, has calculated the metal potentials. These 
along with determined potentials, are given in Table 
2, (26). 

The lead potential is important because of the 
universal use of lead as a precipitation accelerator, 
and it is unfortunate that it is not known. However, 
the author has placed it along with aluminum in the 


most probable position in the table, 
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Table 2(26) Electrode Potentials at 25°C. Metals 
in Bquilibrium with a Solution in 
Which the Complex Cyanide or Complex 
Hydroxyl Ion and the CN” or OH” Ion 


are at Unit Activity 
Calculated Measured 


Al # 40H” 3 Al (0H),” 4 3(-) ? 2 
Fe £ 60N" 3 Fe(cn);~ 4 2(.) £1.53 2 
gn ¢ 4cN7 3 Zn(cw)S- 4% 2(.) £1.26 £1.26 
an £ 40H” # Zn(oH)4” x 2(-) £1.22 2 
Cu # 3CN- = Cu (CN) 3° x (-) £1.09 ? 
Pb 4 30H" = Pb (OH) 3” #2(«) ? 2 
Au £ 20N" = au(cn)37 4 (+) £0.58 £0 536 
Ag # 20N~ = Ag(CN)5” £  (-) £0.44 70.418 
Hg £ 40N = Hg(cN),~ 4 2(-) £0.42 £0.37 


Any wide variation from normal, in CN”, OH” and 
metal concentration may resgalt in some transportation 
of the metals in the series. 

An interesting illustration of the change in 
electrode potentials with variation of concentration of 
cyanide solutions is given in Table 3. The results 
are taken from an investigation carried out by Christy 
(45) in 1896-1899. The relative values show the wide 
variation in electrode potentials with cyanide con. 
centration, resulting in some cases in an actual trans~ 
portation of the positions of the metals in the series. 


Comparing Christy's results (Table 3) for a 0.065% 
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cyanide solution with those given by Reynolds (Table 2) 


one finds the same order of electrode potentials with 


the exception of iron. 


This is probably due to the fact 


that in calculating the electrode potentials it is 


assumed that all the metals are in their "active state", 


Table 3 Blectromotive Force of Metals in Cyanide of 
Potassium Solution 


Zine 
Copper 
Gold 
Silver 
Lead 
Mercury 


Iron 


6.5 
L0.945 
40.930 
40.420 
40.340 
£0. 200 


40.150, 


=O a 030 


Cyanide Concentration 


0.65 0.065 

£0.870 £0,775 
40.680 £0,430 
40.265 0.090 
0.195 0,055 
40.169 0.110 
40.050 70.040 
~0,090  -0.120 


0.9065 
£0 415 
~0.050 
0.340 
0.310 
40.070 
=0.190 
=9.130 


0.00065 
£0. 385 
~0.250 
-0.450 
~0.420 
-0.050 
~0.590 
-0.140 





If any of the metals exhibit the complex phenomenon known 


aS "passivity", the position of such metals, in the 


potential series, could only be determined by experiment. 


When a metal is in the passive condition it is shifted 


to a lower position in the electrochemical series, that 


is, it becomes more noble. 


taken place when Christy determined the electrode 


potential of iron, 


This appears to be what has 


Moreover, of the metals under dis. 


cussion, Only one, iron, normally becomes passive. 


The above discussion has its principal application 
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in the precipitation of gold from alkaline cyanide 
sOlution, as ordinarily the introduction of metals into 
the cyanide solution is limited to zinc as a precipitant 
and lead as an accelerator, with minor instances of 
copper and mercury being present in the ore in the 
metallic state, 

If a study of the dissolution phenomena with re. 
spect to electrode potentials is to be made, itis 
apparent that an electrochemical series is required of 
the different minerals found in the cyanidation of 
precious metal ores. 

With this in mind Christy (45) in 1896 determined 
the electromotive foree of various metals and minerals 
in different cyanide concentrations. The electromotive 


force of the common minerals are listed in Table 4. 


Table 4 Blectromotive Force of Metals and Minerals 






in Cyanide Solutions 1896 
Cyanide Concentrations % 
6.5 0.65 0.065 0.9065 

Volts Volts Volts Volts 
Aluminum #0.99 £0.99 £0.76 £0.40 
Zinc ,Commercial -s---- 40.77 #0 059 £0.39 
Copper 70.81 £0.62 £0.37 £0.16 
Bornite £0.45 70.25 =0.16 onan 
Gold £0.37 £0.23 £0.09 -9, 38 
Silver 40.33 £0.15 -0.05 ~0. 36 
Chalcocite £0.29(27) £0.25 £0.05 -0.44 
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Table 4 continued: 


Blectromotive Force of Metals and Minerals 


in Cyanide Solutions 1896 
Cyanide Concentrations vA 


6.5 0.65 0,065 0.0065 

Volts Volts Volts Volts 

Lead ZO 13 £0.05 £0.01 pe 
Antimony £0.06 £0.03 -0,03 lade 
Arsenic £9.94 9,95 0.21 manwe 
Niccolite -9.11 -9.17 @9 44 SO 
Tron -0.1” -0.24 @0. 24 eee 
Chalcopyrite =9.20 @Q . 34 =0 44 Coos 
Pyrite -0.28 -9.42 =0 48 wow oe 
Galena -0.28 -0.48 @0 56 seeoe 
Argentite -0.28 -0.56 £0.55 (7) c---- 
Arsenopyrite @9 .40 @9 .45 20.54 ee 
Cuprite -0.43 @9 55 @0 57 wana 
Stephanite 0.54 20.55 sO 8P() wees 
Stibnite =0.56 ~0 56 LOnoG)t ks. 


Although, in the case of some of the minerals 
the values are questionable because of their high electrical 
resistance, the results are important in that they indicate 
the relative affinities of the minerals for cyanide 
solutions. They show, for instance, that notall copper 
minerals have a strong tendency to go into solution. 
Pure chalcopyrite has hardly more reaction than pure 


pyrite, while bomite and chalcocite have a very decided 
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tendency to go into solution. Cuprite is also apparently 
very little acted on, although to quote Christy, "This 
may be due to its high resistance rather than to a lack 
of tendency to dissolve." It is plain however that 

pure chalcopyrite, galena, argentite, arsenopyrite, 
stephanite and stibnite, when free from their oxidation 
products, are apparently little acted on by cyanide 
solutions. 

Since the fundamental characteristics of aay electroe 
motive series is that a metal will displace from 
solution any metal below it in the series or that the 
metal below accelerates the dissolution of the metal 
above it, it is interesting to note that of the minerals 
investigated Table (4) only bornite would tend to 
prevent the dissolution of gold, whereas pyrite, chal- 
copyrite, galena being below gold in the series eedid 
tend to aid in its dissolution. 

An investigation carried out by Plaksin (46), on 
the rate of dissolution of gold in the cyanide process 
and the effeet of contact with minerals and metal 
surfaces on this rate, would seem to bear out the above 
point. Cyaniding gold leaf with a mineral in a 0.3% KCN 


solution produced the following results; 
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: % Recovery 
Au alone 10,28 


Au £ Quartz 40.33 
Au £ Limoni te 74.33 
Au £ Chalcopyrite 73.81 
Au £ Galena 67.15 
Au # Pyrite 91.33 


The results indicate that the presence of a mineral in- 
creases the dissolution rate of gold, a possible ex. 
planation being that the particles of metallic gold in 
contact with the Gipera?s form small galvanic cells 

of such an order that the dissolution of gold is aided, 
as predicted by the relative positions in Table 4. 

To date, the study of the dissolution and precipite 
ation of gold with respect to electrode potentials is 
limited, in that little work has been done on minerals 
in cyanide solutions, however, the work carried out 


has pointed the way for further investigation. 


II PRECIPITATION 
A. MSCHANI Su 
The precipitation of gold from an alkaline cyanide 
solution is accomplished by the reduction of aur ion by 
L 


ametal that can yield an elsctron to the Au ion with 


the resultant production of Au® metal. 
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In the precipitation chamber three reactions proceed 
simultaneously (34). : 

Au (CN) 5 ge A BONS) ccs soos sill) 

Av? JZ R° = Au? Lw SOR Eee reg Eo) 

ee ¥ ZN = R(cN) o~ ee onlay 

Equation (1) and (3) are reversible and proceed to 
the equilibria specified by the dissociation constants 
of Au(CN)5 and R(CN)o*- Equation (2) proceeds to 
completion to the right, the prerequisite being that 
R° must be above monovalent gold in the galvanic series 
for the solution. 

Combined, the above equations give the general 
precipitation equation: 

Au(CN)5 4 R° = au® £ R(CN)2- 

The function of the precipitant is solely to yield 
up an electron to the aurous ion produced by the dis. 
sociation of Au(CN)5. In other words, if aurocyanide 
ion did not dissociate, no precipitation of gold would 
Occur. 

As previously stated the prerequisite of a pree 
cipitant for gold is essentially one which is above 
monovalent gold in the galvanic series for the solution. 
these series have been discussed in some detail in the 
section "Electrochemical Reaction" and will not be 


repeated here. From the series given by Reynolds it is 
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apparent that any one of the metals, aluminum, zinc, 
iron, copper Or lead would fill the theoretical re- 
quirements of a precipitant for gold. However, operating 
conditions limit the application of these metals 
essentially to that of zine and aluminum, 

B. METHODS OF PRECIPITATION 

l. Zinc 

There are several methods of precipitating gold and 
silver from pregnant cyanide solution. The most 
widely used is zinc, either in the form of dust or 
shavings. The reaction between zinc and the aurocyanide 
may be expressed theoretically by the equation; 

an £ 2Kau(CN)5 # KpZn(CN), ££ 2Au 
The equilibrium constant of this reaction calculated 
from the free energy change of the reaction is Ke 1015 .6 (26) 
or in otbker words the reaction favors the precipitation 
of substantially all the gold in solution. 

As the precipitation of gold by zinc is usually 
performed in the presence of free cyanide, some invest. 
igators prefer to represent the precipitation by the 
following equation; | 
Kau(CN), 4 2kcn 4 Zn £ H0 = KpZn(CN), £ Au £ HZ KOH 
and when no free cyanide ig present, by the equation: 
Kau(CN)o 4 Zn A HoO = Zn(CN)o # Au 4 H A KOH 
In addition to the above reactions it is quite probable 


that the further reaction occurs: 
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Zn 4 4KCN 4 2Hp0 = KpZn(CN), 4 Ho # 2KOH 

Whatever be the exact terms of the reaction, zinc re- 
Places the precious metal in the solution and there is 
a tendency for this zinc to accumulate in the mill 
solution after repeated use. It is in precipitation 
that the double cyanide KoZn (CH) 4 is formed which plays 
an important part in cyanide regeneration. 

On considering the dissolution and precipitation 
reactions for gold one finds they are diametrically 
opposed in their action and effect. It has been shown 
that the dissolution of gold cannot proceed in the 
absence of oxygen. Therefore, the removal of dissolved 
oxygen from the gold solutions, prior to the introduction 
of the zinc dust, is essential if the re-dissolution of 
the gold in the precipitation chamber is to be prevented, 
Today, this is accomplished by placing the solution under 
vacuum, which removes practically all the oxygen. Prior 
to the development of vacuum-deoxygenation, oxygen was 
removed from solution by; 

l. combination with excess zine to form a series of 
hydrous zine compounds known as white precipitate. 

2. combination with atomic hydrogen, generated by 
corrosion of excess zinc, to form water. Thus modern 
vacuum deoxygenation results in the marked reduction 


of zinc consumption. 
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The theory of free energy change gives no idea 
of how long it would take the precipitation reaction 
to reach equilibrium. Aurocyanide, being a complex 
ion, is a very stable and one mien anticipate that 
it would take an appreciable length of time to reach 
equilibrium. Normally the reaction is not complete in 
the flow time through the press and an accelerator 
must be used. MacArthur, when he patented his process 
advised coating the zinc, (which he used in the form of 
shavings), with a lead film to increase the activity 
of precipitation. Later this was modified by the 
addition of soluble lead (py? ion) consisting of a 
drip of either lead acetate or lead nitrate. The 
mechanism by which this acceleration is obtained is not 
completely understood but several theories have been 
postulated. Many authorities claim the function of the 
pit ion is to gorm a Zn-Pb couple and that this couple 
increases the rate of gold precipitation. That such 
a couple does form is possible, the reaction being: 

Zn L put S ont? of Pb. 

However, this still does not explain why the lead 
accelerates the precipitation. Another theory (34) 
is that the py acts as a catalyst to increase the 
rate of the zinceaurocyanide reaction, This may be 
substantiated in the near future when the mechanism 


of the catalyst has been unfolded, in view of the large 
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amount of research being carried out in this direction 
in the field of chemistry. 

Although zine is used universally as a precipitant 
it has disadvantages. As a result of its use ant? ion 
is produced, ant? ion ni ioe with 4CN* ions to form 
zn (cx) * and this ties up a large amount of expensive 
cyanide. Some of the zinc ions also combine with the 
carbonate ions in sOlution forming solid basic zinc 
carbonate. This must be removed in subsequent refining. 
A precipitant accelerator soluble lead salt must be 
used with zinc dust. An end result of the use of this 
accelerator is Pb metal which must also be removed in 
refining. | 

2. Aluminum 

Aluminum dust has been used for precipitating gold 
from cyanide solutions. According to Moldenhauer who 
patented the process in 1893, the following reactions 
take place; 
6NaAu(CN), 4 6Na0H £ 2Al = 6Au 4 12Nacn 4 2A1 (OH) 3 
the aluminum hydroxide at once dissolving in the excess 
of caustic to form sodium aluminate; 
2A1 (OH) 3 % 2NaOH = NapAl,0, 4 4120 
The fact that aluminum does not replace the precious 
metals in the cyanogen compound, renders necessary the 


presence of caustic soda in the solution. 
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One point vital to the practical application of 
aluminum is the absence of lime at the time of pre- 
cipitation, as it ieocaeer se the sodium aluminate to 
form insoluble calcium aluminate; 

Na,Al 0, ¢ Ca(OH), = CaAl,0, 7 2Na0H 
This deposits in the press with the precipitate, making 
a large bulk of low grade product which it is almost 
impossible to smelt. 

Aluminum has been used with success at the Deloro 
Smelter, Canada, and at the O'Brien Mine in Cobalt in 
treating silver ores containing antimony and arsenic. 
The equation already given shows that the giote of the 
cyanogen combined with silver is regenerated in the 
form of alkaline cyanide. This theoretical increase 
in cyanide strength was borne out by actual titrations 
before and after precipitation. 

The method of working is somewhat similar to that 
for zinc dust but the action is slower in practice, 
because, although for an excess of aluminum dust the 
reaction is rapid, economic considerations necessitate 
the use of smaller amounts and a proportionately longer 
precipitation time. 

3, Charcoal 

Charcoal has also been used for precipitating gold 
from cyanide solutions. Originally the solution was 


passed through barrels packed with charcoal which were 
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later burned and the ash melted down with fluxes. 
Later methods of application required that the charcoal 
be ground to a fine powder and agitated with the 
solutions with subsequent filtering and smelting of 

the ash in the usual way. 

A more recent innovation in the application of 
charcoal as a precipitant, is a process devised by 
Chapman (21) known as "A cyanide process based on the 
simultaneous dissolution and adsorption of gold." The 
Ore along with the cyanide, charcoal and lime is ground 
in a ball mill with classification, then thickened, 
agitated and fed to flotation machines. The charcoal 
with the adsorbed gold is floated off and treated for 
g0ld recovery. The tails are thickened, with the 
overflow going back to the flotation cells and the 
underflow going to the mill pond. Possible applications 
of the process are: 

1. Ore and tailings containing large amounts of finely 
divided constituents of such character that the 
settling rate of the solids is too slow for practical 
countercurrent decantation operations. Ores of this 
class also present difficulties to filtering. 

2. Graphite gold ores in which the graphite acts ina 
similar manner as the adsorbing charcoal. (Graphite 
has been rendered inactive in cyanidation by the 


addition of small amounts of kerosene which coats the 
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graphite). 

3. Certain mixed ores with part of the gold intimately 

associated in the sulphides, the refractory gold being 

floated with the charcoal. 

4. Low grade ores and tailings that may be economically 
treated because of the simplicity of the method. 

The author claims the advantage, that by the law 
of mass action, since the gold is removed from solution 
as rapidly as dissolved, the avidity of the solution 
for gold is maintained at a maximum, thus insuring the 
maximum speed of dissolution. This advantage appears 
doubtful when it is considered that the amount of actual 
cyanide tied up by gold is practically negligible. 

The process requires a low cyanide strength in 
that the solutions at the end of one cycle are discarded 
to tailings. In this respect its application, to the 
dissolution of copper ores in a process described by 
Clarke (13) requiring weak cyanide solutions, might be 
used to consicerable advantage. 

4. Electrolytic 

Since electricity has been used successfully for 
many years in gold and silver electroplating, it would 
seem that this method would be a simple and practical 
method of precipitating gold from the cyanide solutions. 
However, the principal difficulty igs one that cannot be 


Obviated, that is, the high specific resistance of the 
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dilute solutions that must be used. With suas 
solutions of 0.05% free cyanide and perhaps 0,001% 
of gold, or less, the resistances are enormous, The 
high resistance of the solution has been met by using 
an increased surface of anode and cathode and by 
artificial circuktion, but this offsets the cheapness 


and simplicity of the method, 


Electrolytic precipitation has been used commer. 
cially on the Rand for precipitating weak, low grade 
solutions. It was known as the Siemens-Halske process 
and consisted of anodes of sheet iron wrapped in 
burlap. The cathodes were sheets of lead bunched 
together. The process was not altogether a success due 
to uncertainty in results and cost of handling. 

Hlectrolytic methods of precipitation are used 
in the analytical laboratory as a convenient and 


accurate method of analysis. 


C. FACTORS AFFECTING PRECIPITATION 

Whatever method of precipitation is used, it is 
of great importance that the solution should be clear 
and free from suspended matter. It is therefore, 
almost always advisable to clarify it by filtration 
before precipitation. 

As previously mentioned the addition of lead galtg 


in precipitation is necessary as an accelerator. 
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However, improper application of lead salts may lead 

to trouble in precipitation. The addition of too much 
lead may cause an excessive zinc consumption and a low 
grade precipitate which is difficult to refine. Further 
an actual retardation in the precipitation may result. 

The elimination of all dissolved oxygen during 
precipitation is of utmost importance as an air leak 
into the press feed after dearation, may cause ré- 
dissolution of the gold at a rapid rate. Careful 
supervision at all times is required for good precipe 
itation. 

Reynolds (20) in a discussion of the effects of 
dearation on precipitation of cyanide solutions attributes 
the rapid build up of pressure in precipitation presses 
generally to two causes; the first and most usual, 
faulty clarification and second, the improper use of 
lead saits. In some cases however, the clarified 
solutions may be clear and brilliant, yet slimy difficult 
filtered precipitates are obtained regardless of the 
quantity of lead salts fed, and where it is added. 
Standard practice is to clarify, dearate, add zine dust 
and precipitate. Deaeration after clarification may be 
the cause of trouble in succeeding precipitation. If 
the solutions contain impurities that go out of solution 
upon deaeration double deaeration would be required to 


avoid rapid pressure built up in the precipitation press. 
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The first deaeration would be ahead of clarifi- 
cation and the second between clarification and pre- 
cipitation, in the usual place. If lead forms insoluble 
compounds it should be added prior to first deaeration, 
otherwise just ahead of the precipitation press. Any 
insoluble compounds thrown down in the first deseration 
would be caught on the clarifier leaves and worked off 
with the ore slime. From this point the usual 
clarification-precipitation process is carried out. 

An investigation of some of the various factors 
affecting precipitation was carried out by Leblane (18). 
Working with an artificially prepared gold solution 
and conditions simulating actual plant practice as close 
as possible, he arrived at the following general 
conclusions: 

1. Best precipitation is obtained when the free cyanide 
content is 0.31 pounds per ton. 

2. The pH, or total alkalinity, of a solution has a 
marked influence on precipitation, a pH of about 11.6 
giving maximum recovery. 

3- The quantity of lime giving the best recovery is 
about 0.56 pounds per ton. 

4, Sulphide, sulphite, sulphate, thiosulphate; ferro. 
cyanide and zine cyanide when present in the solution 


lower the recovery. 
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5, A lead salt in small amounts improves precipitation, 
when an excess is present however precipitation is 
retarded. 

6. The higher the gold content in solution the better 
the recovery, all other things being equal. 

7. The amount of zinc added to the solution is im. 
portant. A molecular ratio of zine to gold, if less 
than 100 to 1, lowers the recovery. 

8. The recovery is lowered if the temperature of the 


solution is below 20°C. 


BE | CYANIDE REGHRERATION 

A. NATURAL 

Cyanide regeneration, as the name implies, is the 
reformation of cyanide due to the action of some chemical 
in the solution. According to Hamilton (35) this 
regeneration may take place from two causes. Firstly, 
precipitation of zine by the soluble sulphides formed 
during contact of the solution with the ore, as follows: 
K,8 4 KpZn(CN), s ZnS 4 4KcN 
Secondly, the reaction of free alkali on the double 
cyanide with the formation of an alkaline zincate and 
free cyanide: 
KoZn(Ci), 4 4KOH # KoZn0, 4 4KCN £ 250 

In the operation of cyanide plants many metall- 
urgists have observed that when the lime content is 


raised from just protective up to 0.10 -- 0.13% Cad, 
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a saving in cyanide is observed. This would tend to 
indicate that part of the combined cyanide has been 
decomposed, thus liberating free cyanide from the 
double cyanide KpZn(CN),. 

K,Zn(CN), # 2Ca(CH), s 2KCN 4 Ca(CN),, 4 CaZn0p £ 2H,0 
The formation of the insoluble calcium zincate renders 
the reaction non reversible. 

B. ARTIPVICIAL 

The problem of artificial regeneration of cyanide 
has received considerable attention by investigators. 
Cross (43) patented a process based on the principle 
of precipitating zine as a sulphide by the addition of 
sodium sulphide, 

KoZn(CN)4 7 NaoS = ZnS £ 2KCN 4 2Nacn 

However, the process was not much of a success due to 
the presence of sodium zincate which reacted with the 
sodium sulphide te form sodium hydroxide, 

Nagin05 £ NaoS £ Ho0 = ZnS £ 4Na0H 

The hydroxide accumulating in the precipitation chamber 
involved an additional gine consumption. 

Several other methods of regenerating cyanide 
solutions have been proposed, chiefly based on the 
principle of precipitating the base metals in acids. 
Halferdahi (22), from a survey of available literature 
with regard to regeneration of cyanide from cuprifirous 


cyanide-plant precipitates, found that; 
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1. Blectrolysis of original-ore cyanide solutions has 
not been successful in precipitating copper and regen. 
erating the cyanide. 
2. Regeneration by acidification of residual plant 
solution originally proposed by MacArthur, will recover 
about 50% of the bound cyanide, depending on the 
character of the ore. 

Acidification is accomplished with sulfur dioxide 
Or sulphuric acid. Removal of liberated hydrogen cyanide 
is made possible by distillation under vacuum or by 
passing air through the solution. The resulting vapors 
are passed through alkaline solutions to fix the HCN, 

Leaver and Woolf (12), working with copper bearing 
solutions, precipitated the copper with the regeneration 
ef free cyanide by the use of sodium sulfide in an acid 
solution. However, cyanide loss as cyanates cannot be 
recovered by this process. The cyanide regenerated has 
the same dissolving efficacy as the fresh cyanide. 
Satisfactory tests on difficult ores were performed 
and gave concordant results with the preliminary invest. 
igations. 

A practical application of cyanide regeneration, 
as put into use by the Compania Beneficiadora de Packucca, 
Mexico, is described by Lawr (23). The solutions are 
acidified by contact with sulfur dioxide and then trans. 


ferred into closed tanks. Air is brought into emtact 
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with the solutions and leaving the tank, charged wi th 
HCN, is passed through an alkaline solution which fixes 


the HCN. 
IV _ SUMMARY 


Investigational work in general falls into one of 
two classes, either pure research or economic invest. 
igations. The former establishes the chemical reactions 
involved, their products and influencing factors, and, 
has its application in furthering general knowledge of 
the process or problem as a whole. The latter strives 
to solve individual problems, resulting in a come 
Pilation of numerous investigational results that cannot 
be correlated or in many instances interpreted for the 
problem in question. Moreover, since the extent of the 
test work is guided by economical considerations, only 
a restricted knowledge of the problem is obtained. 

The foregoing study of the cyanide process, in the 
light of past work has shown that the greater portion of 
investigational results belongs to the latter chass. 

The need of further studies, to give a more complete 
chemical and electrochemical picture of the process, 
becomes apparent. In particular, such work should be 
directed towards detailed studies of the effects of base 


metals, alkalinity, oxygen and artificial oxidizers, and 


addition reagents. 
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CYANIDATION AND THE COPPER MINBRALS 
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(f) pH 

(g) Oxygen | 

(h) Cyanide Strength 

(i) Temperature 

(j) Blectrochemical 

(k) Catalytic Effect 

iY Selective Adsorption 

(m) Mineral Surface Coating 


(2) Physical 


(a) Time of Contact 
(b) Grain Size 


C Cyanide Regneration 





p Blectrolysis 
2) Precipitation 
(3) Distillation 
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CYANIDATION AND THES COPPER MINSRALS 


It is shown in the preceding discussion that 
copper minerals are a cyanicide in that they form 
complex copper cyanide ions and rob the cyanide solution 
of the essential dissolving agents. It is now pertinent 
that these minerals, their properties by which they 
become a cyanicide, the factors affecting these 
properties, and methods by which these factors may be 
controlled, be examined in detail. This examination 
is under the following headings; 

I The Copper Minerals, 


Il The Solubility and Factors Affecting 
the Solubility of Copper Minerals in Cyanide Solution, 


III Methods of Rendering ae Inactive 
to Cyanide Solution. 
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I THS COPPER MINSRALS 


The main copper minerals may be divided into 
three classes; native copper, oxides and oxygen salts 
of copper, and the copper sulphides. Dana (53) 
recognizes the following to be the most prominent of 


these minerals, 


Native Oxides and Oxygen Salts Sulphides 


Copper 

Cu Cuprite « Cu59 Chalcocite CuyS 
Malachite = CuCO, .Cu(OH) 5 Coyellite = CuS 
Azurite - 2Cuc0,.Cu(OH), Bornite ~- CugFeS, 


Brochantite « 


CuS04 .3Cu(0H) 5 Chalecopyrite CuFeS, 
Chalcanthite « 
CuS045H50 Tetrahedrite «= 
Atacamite « 
CuClo.3Cu (0H) 5 Enargite - 
3Cug. ASo5Ss 
Chrysecolla « 
CuSi03.2H50 Stannite 
CuoS.FeS.Sn8, 


Tennantite o 
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II TH SOLUBILITY AND FACTORS AFFECTING THI 

SOLUBILITY OF COPPBR MINSRALS IN CYANIDE SOL'N. 

This topic is subdivided into the following div. 
isions for clarity; 

(A) Mechanisms of Dissolution 

(B) Solubility Factors 


(C) Previous Bxperimental Worl 


(A) MSCHANISMS OF DISSOLUTION 

This subject is diseussed under two sections as 
each section embraces a different mode of dissolution. 

(1) Native Copper 

The accepted equations (26) for the dissolution of 
native copper have been stated and the thermodynamic 
possibilities explored. These equations are repeated 
and subjected to further analysis: 

(i) Blsner equation for oxygen bearing solutions, 

4Cu # 12NaCN 4 2H50 £ Oo = 4NazCu(CN)3 4 4NadH 

a 19293°® 

(ii) Janin equation for oxygen free solutions, 
2cu £ 6Nacw A 2H20 = 2Naycu(cn) 4 2NadH ZH, 
KS 10° °9 
The type of reaction in both cases is one of oxidation. 
reduction with the fo mation of a stable complex ion 
aiding in the ease of copper oxidation. This is 


illustrated as follows: 
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(i) expressed as an ionic equation 
acu £ 12Net £ 120N- 4 Op £ 2H,0 = 8Ner / 4cu(ON)5 7 
ana’ # 40H” 

The wat ions are common to each side of the equation and 
may be disregarded. | | 

4cu 4 12cN" # 0, # 2H0 = 4¢u (CN) > # 20H" 
the native copper is exidized and the Qo and H,0 reduced. 

4cu £ 12CN™ = 4Cu (om) 3 / 4e ~oxidation 

Oo # 2H20 x 4e 2 40H" -reduction 

(ii) 2cu 4 6Ner ¢ 6CN" # 2H,0 = 4Na’ 7 2cu(cH) Jf 

| ana’ 4 20H” f Hy 
dropping the Wal” ions, 

2cu £ 6CN” # 2H50 = 2Cu (CK) 3 ~ 20H" 4 Ho 

2cu £ 6CN" = 2cu (CH) 5 # 2e -oxidation 

2H20 # 2e 3 Ho # 20H” reduction 


An examination of the “strength” of the oxidizing 
agents shows why the oxygen bearing cyanide solution 
is the better solvent for copper. This "strength" is 
best expressed by oxidation potentials. If the 
oxidation potential value is large and positive the 
agent is a good oxidizer, while if the oxidation 
potential value is negative and large the agent is a 


poor oxidizer. 
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0, 4HQO 4 4e 24087 8°24 0,401 (54) 
2H,0 £ 2e = H, 4 20H” B° = = 0.828 (54) 
Thus it is seen that the oxygen bearing solution is a 
much more efficient solvent than the oxygen free solution, 
A study of the oxidation potentials also shows the 
part played by the complex ion formation. 
cu = cu J 20 Ey 2 -0.34 (54) 
This means that the copper is hard to oxidize. When 
cyanide is added, 
cu £ §cn- = eu (ox) 5 fe Bo =41.09 (55) 
The copper is now readily Oxidized, so much so that the 
oxygen free solution, a very poor oxidizer, may do so. 
(2) The Copper Salts 
The solubility of the copper salts in cyanide 
solution is dependent upon the ease by which they go into 
solution as simple ions. Once the copper ion is present 
in solution it forms the stable cOpper complex with the 
cyanide ions in the following manner: 
(i) Univalent copper 
cur 4 3CN" = cu (cw) 5 
(ii) Divalent copper 
cu’? # 2CN" = Cu(CN), 
2cu (CN) , = 2CuCN £ CoNo (cyanogen) 
CucN £ 2cNn~ a cu (cu) 3 | 


(it is probable in cyanide solution that the cupric ion 
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is reduced to the cuprous by some other means, say the 
ferrous ions, as cyanogen has not been reported in or 
about the cyanide solutions during dissolution). 

The ease, with which slightly soluble copper salts go 
into solution, depends on their solubility product, the 
stability of the complex ions formed, and the concentrat.- 
ions of the ions present in solution. The simple sulphides 
may be considered as typical. The solubility products 
of the sulphides are very low. The Ks.p. for Cus is 
2.5 x 10°41 and for CuoS is 2x L058. (59). The in. 
stability constant for cu (CN) 3 =) da057x 10728 | not so 
low as the Ks.p. of the sulphides. Normally, then, the 
sulphides do not ionize sufficiently to produce high 
enough concentrations of copper ions to exceed the 
instability constant of eu (cu)? ‘The complex ion is 
not formed and the sulphide does not dissolve, But 

if the sulphide ion concentration is kept very low the 
copper ion concentration may rise so that the K instab. 
is exceeded and the complex will be formed. Similarily 
if the cyanide ion concentration is high the necessary 
copper ion concentration will be reached resulting in 
the formation of the complex ion. Then the sulphide 


dissolves. This action may be clarified as follows: 





cus’ = 2cuw" yor Kep = 2 x 1074” 
ae 
2 ‘ew?) 3 
2cu (CH) 3 ACN) 3 K instab.= 
| (Cu (CN) 3 


5x10°28 
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Low S* results in high (cur) - K instab. exceeded - 
Sulphide dissdves 


High (CN”) with low (cw) ~- K instab. exceeded 
Sulphide dissolves 


In cyanide sOlutions the sulphide ion concentration is 
Ane low by oxidation to the sulphate, the sulphite, or 
the thiosulphate ion. Further the cyanide ion cons 
centration is necessarily high for the dissolution of 
gold and silver. Thus the two factors result in the 
cOpper sulphides going into solution. 

While the fundamental reactions for copper dis- 
solution are recognized, one wonders what is the actual 
physical means by which the reactants combine. It has 
been proposed that the dissolution of gold is a hetero. 
geneous reaction originating at the gold surface. It 
would seem logical that such is the case for native 
cOpper. But one becomes interested to learn if this 
holds true for the copper salts, Unfortunately no 
theorizing has been done with reference to this part. 
icular case. The complexity of the problem excludes 
it from a work of this nature. 

Up to the present the possibility of the formation 
of complex ions other than Cu (CN) 3 has been tactfully 
ignored and all theoretical consideration has been 
limited to the tri-cyanide copper complex. Several 


writers have postulated the existence of the other 
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copper cyanide complex ions but there has been no 
definite proof, theoretical or otherwise. Hedley and 
Kentre (11) state "It is generally accepted that 

copper in cyanide solution can form complex ions such 


as Gu (CN) 5. cu(cy)#, and Cu(cN)3, although Cu (CN), 


3? 
is considered the most likely of these." Field (64) 

on discussing formulae of double cyanides writes, 

"Those of cOpper are less definite, there being a number 
of these complex double cyanides according to the method 
of preparation. The formula most usually ascribed to 
the canpound is CuCN.2KCN." Reynolds (26) considers 
only Cu(CN)3. Latimer (56) lists only Cu(CN)7, while 
Yoe (59) gives a: Thompson (65) states the 
probable complex ions present in cyanide plating baths 
are 

"Najor complex ion cu (CN)S 

Minor complex ions « ich a cu (aw) ." 

An examination of the instability ees tends to 
show that, for cyanide solutions used in gold milling, 
the Gu (CN); is the most likely ion. The following are 


the published values; 


(1) Cu(cN)5 = od x 2cy; Lot) (oxy 1x 10-26 (gg) 
: : wl(CN)5 , 7 


(2) Gu (CN) 3 mS out * 3CN-; (ou) (cu7)> 
-Cul(CN)s 
3 


5.0 x 1072 (26) 
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(3) cu(cw)2 = cu 4 4en-; (cw) (cw-)* 2 5.9 x 10°28 (66) 
‘i Cu (CN) g 


Dividing (1) by (2) the following relationship is 
determined; 


(Cu (cn) = 


2 2. 11 
(Cu (CN) 5)x(CN) aia 


(Cu (cu) 


- 2 2.0 x 1041 x (cn-) 
(Cu (CN) 2 


for 0.100% NaCN solution and 0.036% Cu mm the (CN™} 
concentration is 0,004 gm.mol/L (see Appendix (A)~Sec.B) 
then (Cu (cn) 3) 4 
———_—__2. = 2,0 x 1011 x 0.004 = 8.0 x 10 
(Cu (Ci) 5 
That means for the above solution the concentration of 
cu (CN) 3 is 8.0 x 10° times the concentration of cu (CN) > 
By dividing (2) by (3) 
(Cu (CN) 7) | 
(cn) (Cu(cw) 3 


(Cu (cw) #) 


21x (CN-) 
(Cu (CN) 3) 


Similarily for the 0.100% NaCN solution and 0.036% Cu 


cu(cN)z é 

“Taek 21x 0,004 

Cu (CN) 3 

or under these conditions the Cu (CN) 5 concentration is 
250 times as great as the cu (cn)? concentration. 


So while it is a safe assumption to make that the 


tricyanide copper complex ion is by far the most 
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prevalent in gold extraction cyanide solutions, the 
possibilities of the existence of the other complex ions 


can not be over looked. 


(B) SOLUBILITY FACTORS 

| From the foregoing study of dissolution mechanisms 
it becomes evident the oxygen content of the solution, 
the hydrogen ion concentration, and the cyanide strength 
are all factors in the rate and extent of copper dis- 
solution. 

(1) Oxygen Content ~ : 

No experimental work has been done in determining 
the solubility of copper under conditions of varying 
oxygen availability. However, from the family sim. 
ilarity of copper and gold (52) and from the relative 
values of the reaction constants for oxygen free and 
Oxygen bearing cyanide solutions it can be predicted 
that by increasing the oxygen content of the solution, 
providing sufficient quantities of the other reactants 
are present, aa) earpes sulubility will increase. 

(2) Hydrogen Ion Concentration 

In the case of the hydrogen ion, the situation is 
more complex in that there are two conflicting tend. 
encies. An increase of the hydrogen ion concentration 
would hasten the oxidation of the copper by decreasing 
the hydroxyl concentration and shifting the reaction 


equilibrium further to the right. However, the avail. 
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ability of the cyanide ions is inversely proportionate 
to the hydrogen ion concentration, as explained in the 


section on cyanidation and briefly repeated here; 


HON) (OH™ B woth 
Gono") 12 x 10 


(a ) (on™) zs 10714 


Thus high hydrogen ion concentration would cut down the 
cyanide ion concentration and repress the complex copper 
ion formation. This action is probably much greater 
than the increased oxidizing action. Here, too, there 
is no experimental substantiating evidence. 

(3) Cyanide Strength 

Variation of cyanide strength will proportionately 
influence the copper solubility providing sufficient 
amounts of the other reactants are available to complete 
the reaction. A concentrated cyanide solution will give 
a@ high copper content. However, this is only true when 
there igs no change in the percent hydrolysis of the 
cyanide ion. The following values are taken from 
results of a series of cycling tests performed by 


Hedley and Kentro (11). 


Nacn % Cu 

0.134 0.038 
0.179 0.054 
0.209 0.969 
0.282 0,083 
0.341 0.089 
0.407 0.092 
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In the preceding discussion the mechanisms of 
dissolution and the pertinent factors have been cone 
sidered only when the principal constituents are 
present and under one set of conditions, i.e. pressure 
and temperature. It is now advisable to study 
variations of conditions and introduction of "foreign" 
substances and their effect on copper solubility. 

(4) Temperature 

The effect of change of temperature on the dis. 
solution of a salt in an aqueous solution is determined 
by whether the reaction is exothermic or endothermic, 
that is, whether heat is evolved or absorbed. If heat 
is absorbed, by Le Chatelier's principle, an increase 
of temperature will speed up the dissolution. However, 
the formation of the complex copper ions, which in. 
fluences the copper salt solubility, is a reaction 
between ions and is greatly influenced by temperature. 
Meldrum and Glucker (71) give this empirical relation. 
ship, "A rise of 10°C in temperature approximately 
doubles the rate of a chemical reaction." The increase 
of reaction rate is due to the greater activity of the 
ions, From a table in Mellor's Treatise (50) it is 
noted that covnper is twenty four times more soluble in 
a@ cyanide solution at 71°C than when the solution is 


0 
at 15.6 ¢, 
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(5) Pressure 


Variation of pressure affects the extent and rate 
of reaction if the formation of a gas is involved, 
Normally an increase of pressure retards the gas formation 
and the reaction is slowed down. However, in cyanidation, 
greater air pressure increases the concentration of 
oxygen (Henry's Law) and the reaction equilibrium is 
shifted further to the right. If an excess of cyanide 
be present, additional copper will dissolve. 

(6) Presence of "Foreign" Substances 

Here the word "foreign" refers to substances already 
in the cyanide solution, introduced by the ore and by 
Operating conditions rather than intentional introduction. 
These are numerous and have complex effects on copper 
dissolution, while together the effect is confused and 
not subject to clear analysis. For this reason the 
discussion is very broad and limited to general con. 
siderations. 

(a) Those substances that affect the pH or hydrogen 
ion concentration of the solution. 

Under this category there are two types of substances. 
First are the minerals that hydrolyse, tending to make 
the solution either acidic or basic, The minerals that 
are salts of a strong acid and weak base acidify the 
solution while the minerals that are the salts of a weak 


acid and strong base make the solution basic. Generally 
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it has been found that gold ores tend to acidify the 
cyanide solution. Secondly are the dissolved gases, 
such as carbon dioxide, that form weak acids. The 
effects of hy drog’ion concentration change have been 
discussed previously. 

(o) Minerals that influence dissolution electro. 
chemically. 

Various minerals in contact with each other and 
in cyanide solution may be considered as an electro 
chemical cell. The solution comprises the electrolyte 
and the minerals the electrodes. If a mineral in con. 
junction with the solution is electronegative to the 
copper mineral and the solution, the copper mineral 
will dissolve. This action is dependent on the 
difference in electric potentials, the concentration 
of the ions in sd0lution, and the temperature. While 
no work has been done to substantiate this theory in 
cyanide solutions, the principle has tigen observed when 
the leaching of copper ores is performed. 

(c) The Common ion. 

The introduction of a salt, which ionizes to give 
an ion the same as that produced by the copper mineral, 
will effectively limit coe eee solubility. As an 
example, if sufficient NayS is added to a solution of 


LL 


Cu” and S* ions, CuS will precipitate out. 
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(4) The salt effect. 

The solubility product principle does not hold 
when other salts are in sOlution to an excess of 0.3M (62). 
It is not necessary for the additional salts to produce 
any common ions. The solubility of the original salts 
are greater than can be predicted by the solubility 
of the salt. 

(7) Time of Contact of the Cyanide Solution With 

the Copper Minerals, 
Unless the dissolution of the copper minerals in 

@ cyanide solution is instantaneous it is obvious that 
the time of mineral solution contact is a factor in the 
extent of cOpper mineral dissolution. 

(8) Catalytic Action 

The foregoing reactions may be influenced by the 
presence of catalysts. Prutton and Maron (72) define 
&@ catalyst as "any substance which influences the rate 
of chemical reaction but itself remains unchanged 
chemically." While the mechanism of catalysis is not 
clearly understood it is believed that the catalyst 
makes for a more intimate or less intimate association 
of the reactants. Thus reactions may be hastened or 
retarded. In the latter case the catalyst is known as 
a negative catalyst. This subject of catalysis has not 
been investigated with respect to dissolution of copper 


minerals in cyanice solution but the possibilities are 






na i ; 


bfod tom eeob sigtoaizg tomborg yttiiduroe an : i 

(S28) ME.0 to aseuxo ms of wottusos mi exe adine sedto dodw 

eoubotg of elise fenoidibbs ens 0% Yreheeoen | ce a me 
etles fanigixe sid Lo ytiLiduios off «nek Senmbedene ue 


| | ar tae 2 | toette tine er ir Gra 


fi 
Ki 


Wilidofoa ant x saadaacei ti od ie5 merit Totsety ore uv 
3 fee ent ‘to 


Ris 
a ii 





ai slsveusim Teqqen. edt ‘te aolvuloasib eft eaelaU — 
dat euoivdo at ti gyoenstuataant at aoitulos obsnetone | 
° eft of zrotsst a al sont noo Géhouten fareania to ets exly i 
sUabiplonerh. istenin zweqgeo to jaotne 
_ te ois y OL) oe i 
ons a Heorexttat ed yeor Reenke BR Os artoget ot ott..’ bi 


‘ombLeb (SY) aoe baw aotdyrd sateyles.eo to sonoasrg” io 










etrr edt eonasyuitalt doinw eonetedue ena® a8 daylateo es b 
f bogaadoan. antemet tleasi sud meshon es; Lop imede to a 
som at etsylstso to minsdoom edd oiiny * bean: a 
taylejao edt tad? Seveiled ai +1 booterebas ylaaele | 
aokisisoszs efsmitnt eeol to stamisial exrom ew To} a tem 
te bemetesd od yam enottoset agsT .adnatoset | | 
ae awond gi teylatso edt eran tetiel off oI bobs | Y i 
, vom aed eteylatao to Sooper abet steyietso ovit - a a 
Seago et motsufaanib oe eaves of kw sevenivoovai seed 
i ake paige bale ac tte Setasyo at bs t ck 










(83) 


not to be overlooked. 


(9) Physical Conditions of the Minerals 


All previous discussion has been limited to a 
purely chemical reasoning which assumes that the mineral 
is readily available to solvent action. This is not 
necessarily so. The dissolution rate is a function of 
the particle: size (63). Also the surface of the 
mineral may differ in composition from the bulk of the 
mineral. Further a mineral in the crystal form is less 
soluble than that of the amorphous state (67), 
summary of factors: 
It is now desirable to present the factors affecting 
copper solubility in a summarized form. 
(1) ph | 
Oxygen content 
Cyanide strength 
(4) Temperature 
(5) Pressure 
(6) Blectrochemical effect 
(7) The common ion 
fs The "salt" effect 
(9) Time of contact 
(10) Catalytic action 
(11) Particle size and condition. 
(6) PREVIOUS EXPERIMENTAL WORK 
(1) Leaver and Woolf 
The most complete experimental work on the solubility 
of cOpper minerals in cyanide solution was performed by 


Leaver and Woolf (12). The following table is compiled 


from their results. 
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Heads (a) (b) Mole Ratio 
Mineral Co / Extraction Extraction NaCN : Cu 
Azurite 
2UUC0g eCu( 0H) o 0.254 100 9405 32:1 
Malachite 
CuC0.zCu( OH) > 0244 100 90.2 Selo3l 
Chalcocite 
Metallie Copper 
cu 0.267 100 90.0 2e71:1 
Cuprite 
Cusd 0,254 100 85.5 228031 
Bornite 
CusgFes, 0.264 100 70.0 3ec6:l1 
Enargite | 
SCugsS As8Ss5 0.213 7561 65.8 3.5231 
Tetrahedrite 
BuoS Sb2S2 0.183 4367 2109 Sec62l 
Chryseolla 
CuSi0..2H20 0,254 15.7 11.8 3.0331 
Chaleopyrite 


CuFeSo 0.250 Bee 56 3e4221 





Note: (a) Agitation Temperature 45°C, NaCN strength 0.0100% 


(b) Agitation Temperature 23°C, NaCN strength 0.0099%. 
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Agitation was carried out for 24 hours. The extraction 
percentages of column (b) are more significant than 

that of column (a) because none of the percentages 
reached 100 and thus give a better comparison between 

the respective minerals. The small difference in cyanide 
strength between column (a) and column (b) is not 


considered significant. 


(2) Christy 


Experimental work by Christy (45) on the electro- 
motive force of minerals in cyanide solution gives an 
indirect confirmation to some of the dissolution values 
obtained by Leaver and Woolf. The voltages given in 
the following table are taken from Christy's results. 

A positive value indicates a greater tendency for the 


mineral to dissolve than a negative value. 


| M Mi ai 4 
Mineral 1 KCN LO KCN 100 KCN 1000 KCN 
Copper | oe | 

Cu 40.81 0.62 ~ 0.37 4 0.16 
Bornite 

Cup FeS, (£0.45 #0 .25 ) 0.16 9 a? oP co oD aw 
Copper-Glance 

Chalcocite 

CunS« £0.29(7)40.25 £0.05 - 0,44 
Chalcopyrite | 

Cures. 0.20 =O. 34 - 0,44 eee 
Cuprite 


Cu,0 20,43), 26,55 ~- 0,57 ea 
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The voltage obtained for cuprite seems to be inconsistent. 
Christy states "Cuprite is also apparently very little 
acted on, though this may be due to its high resistance 
rather than a lack of tendency te dissolve." Here 
Christy refers to the electrical resistance of the 


mineral. 
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III MSTHODS OF RENDBRING COPPER 

MINWRALS INACTIVE TO CYANIDE SOLUTIONS 

Having studied the mechanisms of copper dissolution 
and the affecting factors it is now possible to propose 
ways that the dissolution of copper and its undesirable 
effects may be controled. These methods fall under the 
following three headings: 

A. Removal of the copper prior to cyanidation 

B. Control of the copper ion in solution 


C. Cyanide regeneration 


A. REMOVAL OF THE COPPER PRIOR TO CYANIDATION 

i. Leaching 

One of the most practical methods of removing copper 
from an ore, when the copper content is not sufficiently 
high to warrant smelting, is by leaching. If the 
copper content ig high enough to call for smelting any 
associated gold will be recovered as a by-product. Here 
the copper is not detrimental to the gold recovery. 
However, where the copper is not an economic mineral 
but is a potential eyarld de it may be removed by leaching 
prior to cyanidation. Liddell (68) lists the following 
_lixiviants for dissolving copper in order of their im. 
portance; sulphuric acid, ammonia and ammonium carbonate, 
ferric sulphate, sulphurous acid, ferric chloride, cupric 


chloride, hydrochloric acid, chlorine, and nitric acid. 
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It may be necessary to roast the ore before leaching. 
When an acid solvent is used the solvent must be 
neutrelized before eranidatian is started. 

2. Flotation | 

Another means of copper removal wefore cyanidation 
is by flotation. Taggart (74) gives the two following 
plans which might be applicable: flotation and cyanidation 
of the concentrate, and flotation and cyanidation of 
the tails (and concentrate). The first method may be 
applied to an ore in which the gold is markedly cone 
centrated in the sulphides and the concentrate could be 
made amendable to cyanidation by leaching or roasting. 
The second plan is preferable when the gold is not 
concentrated with the cyanicides. If appreciable gold 
remains with the sulphides the concentrate may also 
be treated, as in the first case. . 

While it is possible to treat cupriferous gold ores 
by prior removal of the copper the application of such 
an operation is not always economically possible or 
advisable. 

B. CONTROL OF THE COPPER ION IN SOLUTION 

Control here covers the extent and rate of copper 
ion formation and the disposition of the copper ion 
when in solution. This phase is considered under two 
developments, i.e., (a) chemical and (b) physical. 

(1) Chemical  __ | 


Yoe (60) lists the following ways by which the 
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concentration of an ion may be decreased; 


(a) By the formation of a very slightly soluble 
compound 


(b) By means of the common-ion effect, 
(c) By the formation of a weakly ionized compound, 
(a4) By the formation of a complex ion, 


(e) By a change in valence of the ion, i.e. 
oxidation or reduction. 


The application of these principles, either singularily 
Or jointly will now be considered with respect to the 
copper ion. 

(a) Formetion of a Very Slightly Soluble Compound 

For the formation of a very slightly soluble 
copper compound, that is, a copper precipitate, the 
following condition must be satisfied. The solubility 
product of the precipitate must be exceeded to a 
greater extent than that of the instability constant 
of the complex copper cyanide ion. The instability 
constant for Cu(CN)$ is 5 x 10-28 (59). So that the 
possibilities of forming copper precipitates may be 
‘considered, the following table of solubilities (69,61) 


has been compiled. 
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COMPOUND 


Cuprous Bromide 
CuBr. 


Cuprous Chloride 
CuCl 


eerie ITodate 
Cu(1IO 
3), 


Cuprous lodite 
Cul 


Cupric Oxalate 
CuC 204 


Cupric Sulphide 
CuS 


Cuprous Sulphide 
Cuss 


Cuprous Thiocyanate 
CuCNS 


Copper Carbonate 
cae, 


Copper Hydroxide 
Cu (0H) 5 


Copper Sulphate 
CuSO, 


Copper Nitrate 
Cu (N03), 


Copper Chiorate 
Cu(C103)5 48,0 


Copper Fluoride 


CuFp.2H.,0 


(90) 


H50 


SOLUBILITY Ksp ! MOL CONC, 
OF ANION 
REQUIRED TO 
“te PPT, Cu 
wwe 4.1x10-8 Jes 
eae 1.0x1076 ala 
pie W4ELO0 i eee. 
I sx10-22.-1.1x1077 
2 ob aD 2.9x107° Cb) a) 
Le 2.5x10742 = 5.6 x07? 
a oxi07*" 1x1072 
ae 1.7x10721 3,8x1074 
0.3em/L 5.8x107° = 1.1107" 
669 nie.” 1.3x10742 = -1..7220° 
gm .mol/L 
20.7 gm/100gm Bees ae 
H0 
55 ..6ems/100ems 
oD 2 ap @ > ae on as 
62.2gms/100ems 
2 
0.075ems/100ese 1.6x107? 6.0x107 
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COMPOUND SoLUBILITY Ksp { MOL CONC. 
OF ANION 
REQUIRED TO 
PPT. Cu 

Copper Acetate 6.79 gms/100gm «== a 

Cu (CH3C00) 5.H20 H50 

Copper Tartrate 0.061gm/100cc 15 

CuCy0¢H4. 3H0 HO 8.4x10-§ 1.9x10 

Copper Fumarate 0.02gm/100cc—_ wwe -oam 

C,H20,4.Cu.2H50 H,0 

Copper Maleate O.1l2gm/100cc wwe cone 

Copper Potassium 43.3gm/100cc —s_ an Ss ones 

Citrate HO 

CuKy ( (COOCHg) oC (0H) C00) . 

Copper Nitrose Phenyl ‘ 

Hydroxylamine 1.1x10"* em/100 20 

Cu (C, H.-N (NO) 0) ec HpO 2, 2x0 21 

6-5 2 2 

Copper Cinnamate 0 .0304em/100ce 7. 2x107? eo as om oo 

C1 8H, 404.Cu 

Copper Anthracenew02= } 

Sulfonate 0.008 3gm/100ce 14 4 

Cu (Cy 4Hg S03) > Ho0 =: 141 x10 1.610 

Copper less than 0.001 

Diazoami dohenzene em per L CH,0H less than 

Cu(CgHsN= N-N CgH. 5 i,7xte-11 = 3 ,8e*> 

less than 0.0022 
gn/L of C,H, 0H 


Copper 
Helianthate 


(Cy 4H 4N350.) 9Cu.4H20 


Copper Nitro 
Prussiate 
CuFe (CN) NO 


probably fess than 


0.00lgm/L of H,0 


0.122gms/L 


6,0x107°gm mol 
per Liter 


3.6x107" 


a @ a 





! The Ksp's are for a range of temperature 15° to 35°C. 
There is not a significant variation of Ksp for this 


range of temperature. 
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Where only the solubility was given, the Ksp was 
Calculated. For high solubilities the Ksp has no sig. 
nificance. 

The molar concentration of anion required to 
precipitate copper from solution was calculated for 
a solution containing 0.100% NaCN and 0.036% copper. 
See Appendix (A) for sample calculations. 

A perusal of the above table reveals few precip. 
itates that could be practically formed in a cyanide 
solution when "free" cyanide is available. Addition of 
the sulphide ion presents the ohly possibility for the 
formation of a stable inorganic salt. However, in a 
cyanide solution which normally has a pH from 10 to le 
the sulphide ion is oxidized to the sulphate, sulphite, 
cr thiosulphate ion. Success in the use of the sel phite 
ion as a precipitant of copper in an acid solution has 
been reported (12). For the organic compounds a salt 
of nitrosophenyl hydroxylamine appears to have the most 
promising possibility. However, the above table is far 
from complete and it is not hard to conceive of a salt, 
particularly an organic salt, that might be utilized 
aS a copper precipitant in cyanide solutions. 

(bo) Addition of a Common Ion 

It has been shown for a solution of 0.100 NacN 
and 0.036% Cu, the cur ion concentration is 4.8x10"-> 
(Appendix (A)). To prevent the copper mineral dis- 


solution, the concentration of the added common ion 


must be of such a value that the resulting ou” ion 
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concentration be less than 4.6x107°3 gram mol per litre. 
This common ion concentration value may be obtained 
from the preceding table unér the column "Mol concentration 
of anion required to precipitate copper" where the copper 
compound is the source of copper. Thus the same cons 
siderations for copper precipitation apply here. 

(c) Formation of Weakly Ionized Compounds 

A review of text-books and tables fail to reveal 
any soluble copper compounds that are so weakly ionized 
that the copper ion concentration would be below the 
value required for the formation of the complex copper 
cyanide ion, 


(a) Formation of a Complex Ion (other than 
the cyanide comple) 


The requirement here would be a complex ion more 
stable than the copper cyanide complex. This may be 
obtained either with a complex having a lower value for 
its K instab or by a high concentration of the non. 
metal radical. The following table has been compiled 
(55) showing the complex ion, its instability constant 
and the necessary concentration of the non-metal radical 
to form the complex rather than the cyanide complex ion. 
COMPLEX ION K instab. REQUIRED CON/ 


CENTRATION TO 
FORM THs COMPLEX 





CuCl.- 2.9x10 1.9x10%" 
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COMPLEX ION K instab. REQUIRED CON} 
CENTRATION TO 
FORM THE COMPLEX 





cul, 1.4x1077 4,2x10° 
cu (NEL Y% -1.36x10772 4.1x10° 
cu (NH )"/ 4.56x10774 87 
Cupritartrate Cu (OHCCOO) = es tes 


Substituted Ammon} Complexes 
@.g- Cu (CoH, -NH2)4 


(See Appendix (A) for semple computation) 

The above table shows that there are few copper 
complexes that are more stable than the cyanide complex, 
The substituted ammonia complexes are probably more 
stable than the ammonia complexes and may possibly be 
utilized for the prevention of the cyanide complex. It 
is noted that the ammonia complexes are cations rather 
than anions and might form an insoluble compound with 


the cyanide anions as the example below: 


ue) 


3 
(e) Change in Valence of the Copper Ion 


Cu(NH,), 7“ 2CN~ = Cu(NH,), (CN), 

The application of this principle appears to have 
interesting possibilities. As previously noted the 
mechanism whereby the cupric ion forms the complex is 
one Of oxidation-reduction as follows: 

(1) ou’? % 2c" = cu(cn), 


(2) 2Cu (CN) 5 = 2CuCN/ 7 CoN, reduction of cu’ 
‘ to Cur 
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(3) cucn # 2cN” s eu (CN) 5 
cow? x 2e = 2cuw" 
2cn = CoN, 4 2e 
(4) cu’? *¥3CN Aes cu(cN) 3 -overall reaction 
The degree of reversibility of this reaction can be 
gauged by its oxidation potential. It may be alculated 
as follows; 
(1) cu # 3CN™ 
(2) cur’ ¢ 2e = Cu E° = 70.33 (58) 
(1) Z (2) ou’? *¢ 3CN" Aes Cu (CN) = Bo s /1.42 


Gu(en)3 Ze 8° = £1.09 (26) 


This means the formation of the complex is strongly 


favored and it is necessary for an oxidizer to have an 


oxidation potential of E° = 1.42 to oxidize the cu(an): 
to ou, Consider the case of chlorine as an oxidizing 
; agent. 
(a) $C1, *#es cl” B9 3 £1.36 
(v) cu(cm)% = cw? £ 3cN" Ze 
(a) # (b) 
= a é +f ‘ethane “_ © C-) QO 9) 
Cu (CN) 3 #HClp 5 Cu 4 3CN" A Cl” BOSE, LE C2 
= -1.43 4 1.36 
s ~0.06 


Thus the reaction is not spontaneous at unit 
activity, and the cu (CN) 3 is not oxidized. 


However, this applies only at unit activity and it 
is possible to make the reaction spontaneous by varying 
the concentrations of the reactants. The relationship 


of concentrations to the oxidation potential is shown as 
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follows: - 


~ o 


(73) 
“cucng sag oe 


2 -0.06 ms 2059 log Cour? = Con- * eis 





°cucn3 * het 


Lf 


With a low concentration of Cu’ , CN”, and Cl”, and a 


2 


high concentration of cucns and Cl, it is possible to 
reverse the reaction. | 

Additional to the foregoing chemical methods for 
control of the copper ion in solution are those arising 
from the direct factors affecting the copper dissolution. 
These are as follows; 

(f) pH. It is evident that a low pH favors a 
limited dissociation of HCN resulting in low copper 
dissolution. 

(g) Oxygen. By maintaining low oxygen content of 
the solution the amount of copper going into solution 
is reduced, 

(h) Cyanide Strength. The copper solubility is 
directly proportionate to the cyanide strength of the 
solution. 

(i) Temperature. Low temperature favors low 
copper dissolution. 


(j) Blectrochemical. Addition of minerals or 


(£*) 
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salts electronegative to the copper minerals may control 
the dissolution. 

(k) Catalytic Action. It is conceivalbe that a 
negative catalyst might be found which hinders the copper 
dissolution. 

(1) Selective Adsorption. Closely akin to 
catalysis is selective adsorption. The copper ion may 
be adsorped onto a surface in preference to the formation 
of the cyanide complex. 

(m) Coating of Mineral Surfaces. By coating the 
copper mineral surfaces by a substance that is impervious 
to the cyanide solution, the copper dissolution may be 
limited. The means, by which the mineral surface is 
coated, may be physical or chemical, 

(2) Physical 

(a) Time of Contact. By limiting the time of 
contact of the ore with the cyanide solution the copper 
dissolution may be kept to a minimun. 

(o) Size of Grain. A course grind of the copper 
minerals would make for less copper dissolution than a 
fine grind would. 

C. CYANITE REGENERATION 

The principle of cyanide regeneration is now con- 
sidered with particular application to the copper 
Minerals. In the usual precipitation of gold with zinc 


dust only a part of the copper appears to precipitate, 
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because in cyanide solutions the copper is only 


slightly more "noble" than the precipitating zinc. 


Thus, much of the copper as the cyanide complex ion is 
found in the barren solution. It is from this barren 
solution that attempts are made to free the cyanide 
from the copper. The following regeneration possibilities 
are discussed; 

(1) Blectrolysis 

(2) Precipitation methods 

(3) Distillation 

(1) Blectrolysis. Fundamentally the regeneration 
of cyanide by electrolysis is simple. Electrodes are 
placed in a cyanide bath and a voltage applied sufficient 
to break down the copper cyanide complex ion. Cyanide 
is regenerated at the cathode. Practically, the process 
is complex requiring close control of voltage and current 
density, otherwise there is appreciable destruction of 
cyanide. Halferdahl (22) states,"Blectrolysis of 
Original-ore cyanide solutions has not been successful 
in precipitating the copper and regenerating the cyanide," 

(2) Precipitation methods. As stated when gold ig 
precipitated by zine only part of the copper is 
precipitated. However, prolonged treatment of the barren 


solution with zinc will precipitate all the copper but 
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the cyanide is merely transferred from the copper complex 
ion to the zinc complex and necessitates cyanide re. 
generation from the zinc complex. The most practical 
approach to regeneration has been by acidifying the 
solution and taking the copper out of golution as a 
sulphide by the addition of sodium sulphide (12), or by 
treatment with sulphur dioxide (23). The cyanide is 
recovered as HCN gas which is adsorbed in an alkaline 
solution. 

(3) Distillation. This process, as yet, has been 
Limited to laboratory practice for the determination 
of total cyanide (11). The method comprises acidifying 
the solution with hydrochloric acid and distilling into 
an alkaline golution. The distillate is HCN. It would 
appear to be a costly process and not commercially 
applicable, 

As in the case of copper removal prior to cyanidation, 
cyanide regeneration presents a solution that may not be 


economically possible or advisable. 
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OUTLINES OF POSSIBLS INVESTIGATIONS 
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OUTLINES OF POSSIBLE INVESTIGATIONS 


The: study of cyanidation and the chemistry of copper 
in cyanide solutions indicate three main approaches to 
the problem of limiting the detrimental effects of copper 
in the cyanidation Of cupriferous gold ore. These are: 
first, the elimination of copper prior to cyanidation; 
second, the control of copper dissolution in cyanidation; 
and finally, the removal of the undesirable effects 
after gold dissolution, namely, cyanide regeneration, 
Application of the first and third approach have proven 
to be a costly remedy. At this time, the second approach 
offers the most economic promise, in that the solving 
of this problem lies in the addition of small amounts 
of reagents and the correct control of‘*operating con- 
ditions. For this reason, discussion will be restricted 
to this approach. | 

Past work on the dissolution of both gold and copper 
under varying circumstances indicate the existence of a 
differential between the dissolution rates. The exploitation 
of this differential appears to offer the pest possibi. 
lities of a solution to this difficulty of controlling 
copper dissolution and effecting a favorable gold recovery. 
A‘study of parallel dissolution changes, under similar variable 
conditions, is necessary to determine if a differential 


exists between the two dissolution rates, 
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The significance of the dissolution differential is 
illustrated in the following manner. If a common 
factor decreases the solubility of copper to a greater 
extent than the gold dissolution, it may be preferable 
to operate at a decreased copper solubility. The 
lowered gold dissolution may be compensated by a longer 
period of agitation to obtain the same over-all gold 
recovery. Further, if a common factor increases the 
solubility of gold. to a greater extent than the copper 
dissolution, it may be advisable to operate at the 
increased gold solubility with a shorter period of 
agitation to compensate the increased copper solubility 
rate. The ideal differential would be one where the 
cOpper solubility is nil and the gold dissolution 
reaches a maximum. 

Study of factors (that may be classed as chemical, 
electrochemical, and physical) affecting the diacowat den 
of gold and copper should reveal the potentialities of 
a differential rate where it exists. 

I CHEMICAL 
A, OXYGEN CONTENT AND CYANIU8 STRUNGTH 

The reaction for the dissolution of gold and copper 
has been suggested to be a heterogeneous reaction in 
which both oxygen and cyanide concentrations are inter. 


dependent in the mineral dissolution. If this is so, 
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there is no reason to suspect a differential existing 
when either reactant is varied. However, if the dis- 
solution mechanisms for both copper and gold differ 
because gold is in the native state and copper usually 
is found as a compound, then there may be different 
rates of dissolution for each mineral. 

Unfortunately no experimental values are obtainable 
for copper solubility when both cyanide and oxygen con. 
centrations were varied proportionately, oar when the 
cyanide strength was kept constant and the oxygen con. 
centration varied. In investigations where the cyanide 
strength was varied and the oxygen concentration re. 
mained constant the following results were observed; 

(1) The copper content increased proportionately 
with increase of cyanide strength, that is, with the 
cyanide strength doubled, the copper solubility in- 
creased two fold. 

(2) The gold solubility increased rapidly from 
0.010% NacN to 0.025% NaCN. By doubling the cyanide 
concentration, the gold solubility was raised to six 
times its first value. Maximum dissolution was obtained 
at 0,050% NaCN but the increased gold solubility at 
0.050% NaCN was only 1.3 times that at 0.025% NacN. 
After a strength of 0.050% NaCN the gold dissolution 
fell” off, 
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Thus it would appear that a very favorable differential 
exists up to 0.025% NacN. After this point has passed 
the differential decreases and finally becomes negative. 
B. pH AND OXIDIZERS 

From the inter-relation of pH and HCN dissociation 
it is evident that pH controls the "effective" strength 
of the cyanide concentration. Therefore considerations 
that apply to cyanide strength apply to pH. But change 
of pH has additional effects in cyanide golutions such 
as the repressing of thiocyanate formation when a high 
hydrogen ion concentration is maintained. So it is 
possible that pH control has other influences in setting 
up a differential dissolution rate. 

When an oxidizer primarily supplies oxygen to the 
cyanide solution the effect is as previously noted, 
But oxidizers do not necessarily supply oxygen and, if 
this is the case, their influences on gold and copper 
differ. The following fundamental reactions are examined: 

(1) au £ 2cN~ 2 au(cn)5 #4 e, 

(2) cu # 3CN- 2 cu (CN) § fe, 

(3) cw £ 30n- fe = cu (oN) 3. 
Equations (2) and (3) may be combined: 

cu £ 30N- = cu’ £ 30N- Z 260 
This means that if a strong oxidizing agent was used the 
cyanide consuming complex might be eliminated. The gold 


could be oxidized to the trivalent form but this woulda 
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not be undesirable. The overall effect would be the 
game as maintaining a favorable differential, 
C. TEMPERATURE 

No significant differential appears to exist with 
variation of temperature. Mellor (50) gives the 
following values for the dissolution of Au and Cu at 


different temperatures: 


Metal Milligrams dissolved per Ratio 
Sq.Cm. of Surface (2)/(1) 
(1) (2 | 
15 .6° 428 
Copper 0.053 1.263 24 
Gold 0.909 0.229 25 


D. PRECIPITATION 

Premature precipitation of gold is not wanted. The 
possibility of precipitating copper from alkaline cyanide 
solution has been discussed. Any method of precipitating 
copper without affecting gold dissolution would promote 
a desirable differential, 
#. MINSRAL COATING 

The term mineral coating is used here in its 
broadest sense. It includes all types of adsorption 
and the surface coating of a mineral by non polar 
compounds. Any substance which coats copper in pre-e 
ference to gold would tend to establish a favorable 


differential. 
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F. CATALYSIS 

To maintain a favorable differential dissolution 
rate the catalyst must accelerate the gold dissolution 
toa greater extent than the copper dissolution. In 
the case of a negative catalyst the copper solubility 
must be retarded to a greater degree than the gold 
dissolution, 


II WLSCTROCHEMICAL 


Application of electrochemical principles offers 
interesting possibilities in establishing a differential 
between the dissolution rates of copper and gold. The 

table of electromotive forces for metals and minerals 
prepared by Christy (45) for a cyanide solution of 


0.065% strength is re-examined at this time. 


HZ Volts 
Al # 0.76 
Zn fo 0,59 
Cu ~ 0.37 
Au # 0.09 
Chalcocite x 0,95 
Pb ~ 0.01 
Sb = 0,03 
Ag @ 0,05 
Bernite - 0.16 
As «2 O21 
Iron = 0.24 
Niccolite = 0,44 
Pyrite = 0.48 
Stephani te =~ 0.52 (2) 
Arsenopyrite = 90,04 
Argentite @ 0.55 
Galena = 0.56 
Stibnite =~ 0.56 
Cuprite - 0,57 (2) 
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As stated in the chapter on cyanidation, minerals 
below gold, in the series, accelerate the dissolution 
of gold while minerals above deter the gold dissolution, 
Similarily the copper solubility may be aided or retarded 
by the presence of other minerals. The table shows that 
the majority of the copper minerals are below gold in 
the series. So if a mineral which is above the copper 
minerals but below gold was employed, the gold dissolution 
would be promoted and the copper solubility retarded. 
Consider this example of a cyanide solution containing 
gold, lead and copper compounds. The copper compounds 
aid the lead and gold dissolution. The lead aids the 
gold dissolution but what is more important, the lead 
retards the copper dissolution. The gold tends to 
discourage copper solubility but is not, normally, in 
sufficient quantities to be effective. Thus it is 
shown how application of electrochemical principles may 
be of help in eliminating the copper minerals from the 
class of cyanicides. 

III PHYSICAL 

A. DSGRES OF GRIND 

As the grain size of the copper minerals ig a 
factor in the copper mineral dissolution, it is evident 
that ever-grinding should be avoided and grinding should 


be carried out only to the extent of releasing the gold 
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to the solvent action of the cyanide solution, 
B. TIME OF CONTACT OR AGITATION 

This factor cannot establish a differential but 
can be used to take advantage of any existent 


differential. 
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Bffect of Sodium Peroxide and Litharge 
on Copper Solubility 


Effect of Sodium Peroxide and Litharge 
on Copper Solubility 


BSffect of Litharge and Sodium Peroxide 
on Gold Extraction and Copper 
Solubility 


Bffect of Phosphate, Litharge and 
Sodium Peroxide on Gold Extraction 
and Copper Solubility 


Hitfect of Litharge and Sodium Peroxide 
on Gold Extraction and Copper 
Solubility for a Prolonged Period of. 
Agitation 


Effect of Litharge on Gold Hxtraction 
and Copper Solubility in Ores of 
Different Copper Content 
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EXPERIMENTAL WORK 


I LABORATORY PROCEDURE 


Cyanidation tests were carried out by agitating 
Ore, cyanide solution and additional reagents for a 
period of time. At the completion of agitation the 
solutions were separated from the solids by filtering 
and stored for subsequent analysis. 

A. DSTAILED DESCRIPTION OF A CYANIDATION CHARGE 

(1) Ore Charge | 

Investigations required two types of ore charges 
as the work was carried out in a two stage manner, 
comprising first, preliminary tests in which factors 
affecting the solubility of copper were explored and, 
second, in which the effects of these factors on gold 
dissolution were examined. 

In the first case the ore charge for cyanidation 
consisted of 5 grams of copper concentrate and 195 
grams of Ottawa sand and was designated a Copper Sulphide 
Ore. In the second case it consisted of 100 grams of 
g0ld pyrite concentrate, 5 grams of copper concentrate 
and 95 grams of Ottawa sand and was designated a Pyrite 
Copper Sulphide Ore. A variation of the second charge 
was made by deleting the copper concentrate, the charge 


being designated a Pyrite Ore. 
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A pyrite concentrate was used to supply the gold 
in the cyanidation tests. It was composed of 86% 
pyrite, silicious gangue and assayed two ounces of gold 
per ton of ore. The fineness of grind is shown in 
Table A. 

Copper concentrate was used to provide soluble 
copper in the cyanidation charge. The minerals as 
determined from polished sections by a mineral count, 
described in Appendix B, were: Chalcopyrite 26.9%, 
bornite 26.1%, pyrite 12.4%, covellite 0.8%, Chalcocite 
0.6% and gangue 33.2%. The copper concentrate assayed 
26.8% copper, 16.3% iron, 4.110 ounces of silver per 
ton ore and 0.120 ounces of gold per ton ore. Fineness 
of grind is shown in Table A. 

Ottawa sand was used as a filler to make up the 
200 grams of ore when varying amounts of copper con. 
centrate or pyrite base or both were used. Fineness 


of grind is shown in Table A. 
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Table A Screen Analysis of the Different Ore 
Products used in Making up the Com. 


posite Ore Charge 











MESH PYRITS CONC, COPPER CONC. OTTAWA SD. 

=20 4 28 aes =e 100.0 

28 A 38 0.2 ree hee 

~35 # 48 0.7 =<=- aie 

=48 YZ 65 4.7 pe Chey 

~65 £ 100 18.1 coos gun 

-100 £ 150 21.8 2.2 ie 

-150 / 200 13.7 7.6 ig 

~200 40,8 90.2 ow 2 i 
100.0 100.0 100.9 





(2) Solution 

The cyanidation tests were carried out in 1000 
milliliters of 0.100% cyanide solution. The 0.100% 
cyanide strength was employed to provide a reserve in 
cyanide over the theoretical optimum of 0.05% cyanide, 
should the cyanide consumption become excessive. 

The high liquid to solid ratio was adopted so that 
the cyanide and alkali concentration would not change too 
much from start to completion of agitation, without 
further additions during the test. 

(3) Additional Reagents 

Protective alkali was supplied by adding 0.300 
grams of lime, with 83.5% available CaO to give a 
0.025% CaO solution. Where other alkali was used on 
@quivalent amount was added, 


Further addition reagents, when employed, were 
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added as reported for the individual tests. 
B. DXTAILS OF A TSST 

Cyanidation tests were carried out in two quart 
sealers and, when charged with 200 grams of ore and 
1000 milliliters of cyanide solution, were a little 
more than half full. In making up a cyanidation charge 
the ore, Lime and additional reagents were weighed into 
the sealers. The cyanide solution was prepared by 
placing 20 ec. of 5% sodium cyanide solution into 
1000 milliliter measuring flask. This was made up 
to the mark with tap water and immediately prior to 
the beginning of a cyanidation test the cyanide 
solution was added to the sealer. The jars were then 
sealed, placed in the agitator and time recorded at 
the beginning of agitation. The jars were agitated by 
tumbling and over end in a rack rotated at 28 r.p.m, 
At the completion of the test the solution was separated 
from the ore by pressure filtering and stored in 
stoppered flasks for subsequent analysis. 


C, MiTHODS OF ANALYSIS AND RECORDING OF DATA 





(1) Cyanide 
. The cyanide strength was determined by titrating 
the solution with a 0.217% AgNO, solution. On a 28 ec. 
sample lee of AgNO. is equivalent to 0.005% NacN. The 


cyanide range was reported in ver cent solution of 


sodium cyanide at the beginning and end of agitation 


























teip owt et Fao te von pg: 
bre ero Lo eee OOK: — : 


squid dolsnh inex & oY sobion ne Ett ait 
edu betigton otew. nouegeet beso kt chibe bas nit .e2 
xd ROTeaety, Rew ne t3u Loe shinee edt Ageless 4 

<1 OL tt udteytoe ab ine ys ira kD oR RE to 08 OF quien 
qu ebam saw ‘etd? aseplt ‘piteuaesa! ean 

of xoieg ere ibenimi bar a9aew qed Hd Bie arem exis ¢ ory 
ebtsev® ort suse BULTAD ictayy! ‘* to ‘yatoutged : 

nents etsy erat oT’ t8LRo8 ‘ent Oe oie ose a 
ts bebtovgt otis bits dotaatge eold fib” Begala" b6fA dee? 

Wf besni fas exer Moy sdk vwotiat iis to onttnigs 
oT oe a sl! heduxor ost g ak bate. ere prio -aatid a 


besategea. sew tousured ott taet exit to notte tames os ° 


4, 
A 


\ / 


at betote Bhs gained Sit ‘otwe aed VG ete bis ¢ a | 
“nist feng bueupeutine tor shan beg we 


TAC ; i » BD LOU im Ls Vat" “9 rae 





wt 


7 ate 


palvens is a bod letadeb. dew deaetate th nolan 
19006 # a0. .noltufor ‘Stic RHES.0 9 dh EW <k 
ett .ygieit’ R800, be Teensvine WA ua 4 


to 0 Lt glo dingo nical at Bebe: sows 


T Ae 
if e 


(117) 


and the consumption in pounds of sodium cyanide per 
ton of ore. 

(2) Alkalinity 

The alkalinity was determined by titrating the 
solution with a 0.219% H,S0, solution. On a 25 cc. 
sample, lec. of Ho804 is equivalent to 0.005% Cad, 
The alkalinity range was reported in per cent CaQ 
and the consumption in pounds of CaO per ton of ore, 
Where other alkali was used the alkalinity was re- 
ported in CaO equivalents. 

(3) Copper 

Copper in solution was determined colorimetrically 
and reported as per cent in solution. The relation 
between per cent cyanide consumption and per cent copper 
in solution was reported as "Molecular Ratio." This 
calculation was included in the tables were applicable 
and was determined by dividing the sodium cyanide 
consumption in mols. by the copper in solution in mols, 

(4) Gold 

The gold extraction was determined by assaying of 
the cyanide solution only, (Lead boat method) rather 
than by an assay of heads and tails. This procedure was 
adopted for two reasons, first, because any variation 
in gold content in the heads would be reduced, and 
therefore minimize the screening effect these might 


have @n variations caused by other factors, and second, 
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it meant fewer determinations were required to obtain 
the required data. This procedure necessitated rew 
ferring all results of tests to a standard test and 
was accomplished by use of the term "Relative Gold 
Extraction Percent." It was calculated as follows; 
in each series of tests one standard run (cyanidation 
of 100 grams of the gold pyrite concentrate and 100 gms. 
ef Ottawa sand in a lime cyanide solution) was made. 
The gold extracted for the standard was considered as 
100% relative gold extraction and the remaining tests 
proportionately so. Further, that a comparison of the 
different gold and cyanide consumption might be made, 
an arbitrary ratio of gold extraction percent over 
cyanide consumption in pounds per ton of ore was 
established. This ratio was included in the tables 
where applicable, 

(5) Additional Determinations 

Reducing power was determined for several of the 
tests and recorded as the number of cc. of N KMnO, per 
liter of solution. a 
| The pH of sclutions was determined by the Coleman 
pH Electrometer. When applicable corrections for war 


were applied as given by Dole (75). 
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II INVESTIGATIONS ° 
INVESTIGATION No. 1 Tests to determine the time 


of cyanidation which would give sufficient recovery 
for subsequent experimental work - Table l. 

Standard tests were run on 100 grams of pyrite 
concentrate and 100 grams of Ottawa Sand for varying 
agitation times. The results indicated that a two 
hour agitation period would be sufficient to give 
trends and variations under other conditions, More- 
over, the short agitation time would facilitate the 


running of more tests. 
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INVESTIGATION No. 2 Bffect of varying lime alkalinity 
on the solubility of copper in the cyanidation of a 
cOpper sulphide ore - Table 2 

Tests were performed on a copper sulphide ore in 

which the CaO content was varied from 0.00 to 0.675%. 
Results; 

Cu - Solubility constant at .034%, 

NaCN -j Consumption increased gradually from 
7.45 1b. to 8.10 lb. per ton ore, 

NaCN/Cu = Constant at 3.0, 

CaO - Consumption increased. However, beyond .075% 
the solubility of CaO was exceeded and thus 
lime consumption was not recorded. 

Discussion of Results; 

The increased cyanide consumption with increase 
in CaO is probably due to the oxidation of the CN7 ion, 
by the increased OH= concentration, in accordance with 
the equation: 

cN7 # 20H™ = CNO- 4 HO £ 2(-) dF s -44,190 

The free energy change favors the reaction moving to 

the right. Although ordinarily the OH” concentration 

is small, with excessive CaO addition this concentration 
may become sufficient to give a determinable cyanide 


consumption. 
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INVESTIGATION No. 3 Bffect of varying sodium 


hydroxide alkalinity on the solubility of copper in the 
cyanidation of a copper sulphide ore ~ Table 3. 
| Tests were run on a copper sulphide ore, varying 
the NaOH content from 0.025 to 0.600% NaOH. 
Results; 

Cu «= Solubility constant, 

NaCN »- A gradual increase in consumption from 

6.95 to 9.00 1lb/ton ore, 
NaCN/Cu - Constant at 3.0, 
NaOH = Consumption increased from 0.15 to 3,20 


lb. per ton ore. 


Discussion of Results; 

The increased cyanide and sodium hydroxide con. 
sumption may be attributed to the oxidation of the 
cyanide ion to the cyanate ion by OH", as detailed in 


Investigation No. 2. 
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INVESTIGATION NO. 4. Effect of varying sodium 
cyanide strength on the solubility of copper and 
cyanide consumption in the cyanidation of a copper 
sulphide ore - Table 4 - Fig. 1. 

Tests were carried out on a copper sulphide ore 
in which the cyanide strength was increased from 0,00 
to 9.500% sodium cyanide. 

Results; 
Cu = Solubility increased directly proportional 
to the cyanide concentration up to a 0.100% 
eyanede solution. From 0.100 to 0.500% 
solution the increase in copper solubility 
dropped off, 

NaCN - Consumption increased comparable to the 

increase in copper solubility, 

NaCN/Cu = Constant ratio maintained, 

CaO ~ Increased consumption with increase in 

cyanide concentration, 
Discussion of Results: 

The curve for copper solubility with increasing 
cyanide concentration (Fig. 1) gives a curve with two 
definite slopes. A detailed study of these slopes and 
possible influencing factors, however, fails to reveal 
any logical explanation. 

The gradual decrease in lime consumption with 


increased copper solubility, until an actual increase 
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in percent alkalinity is noted at the end of agitation 
(negative consumption) may be explained by the equation 
for the dissolution of copper; 

4cu 4 12Nacn £ 02 # 2H,0 = 4NapCu(CN), £ 4Na0H 

For each molecule of copper dissolved one molecule of 
sOdium hydroxide is formed which would account for the 
increased alkalinity. To provide further confirmatory 
evidence of an actual formation of NaOH (increased 
alkalinity) occurring with copper dissolution, Investe 


igation No. 5 was carried out. 
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INVESTIGATION No, 9. Tests to show the effect of 
copper sOlubility on alkalinity - Table 5. 
Tests 206-209 were carried out on a copper sulphide 
ore and tests 210-213 on Ottawa sand. 
Discussion of Results; 
The equation for dissolution of copper is as 
follows; 
4cu £ 12NacN £ O05 f 2H,0 = 4Na,Cu(cy) 3 % 4Ne0H 
254 | 160 
From the equation the following equivalents exist; 
lem. Cu se 0.63 gms. NaOH 
021% NaOH w==_- .014% Cad 








Thus .034% Cu 


From Table 5 we have: 


Test No, Cad equiv.% 
212 Sand # Nacn 20030 
208 Sand 4 NaCN £4 Cu ~ Cu reaction 20110 
(1) 208.212, i.e. Cu £ Cu reaction -0080 
206 Sand £ Cu 0005 
210 Sand 0020 
(2) 206.210, i.e. Cu | -.0015 


CaQ equivalent attributed to Cu reaction equals (1) = (2) 
0080 £ .0015 =» .0095% 


With the addition of CaO (tests 207, 209, 211 and 
213) and calculating as above, .0075% equivalent Ca0 
is formed as a result of cOpper dissolution. 

Thus, from theoretical considerations the dis. 
solution of .034% copper produces an equivalent alkalinity 


of .014% CaO, whereas, from actual test work .034% 
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copper produces an equivalent alkalinity of .0095% 

CaQ, The results appear sufficiently close to support 
the hypothesis of OH™ formation with copper dissolution, 
particularly as the tests are more of a qualitative 


than quantitative nature. 
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INVESTIGATION No. 6 Effect of varying sodium cyanide 
strength and time on the solubility of copper in the 
cyanidation of a copper sulphide ore ~ Table 6-Figs,2&3, 

Tests were run on a copper sulphide ore with 

cyanide strengths of .025, .050 and .100 per cent, for 

@ period of ten wears agitation. Solutions were titrated 
after each hour for the first six hours and original 
cyanide strength restored. 

Results; 

Cu = Solubility increased proportionately for 
both time and cyanidestrength. For example: 
6:00 hours agitation with .050% cyanice 
gave a copper solutility of .044%; 3:00 hrs. 
agitation with .100% cyanide gave a copper 
solubility of .044%, 

NaCN - Consumption corresponded to copper solubility, 

NacN/Cu «= Constant ratio at 3, 

CaO - Consumption decreased with increasing cyanide 
strength, 

R.P. « Reducing power increased with increased 
cyanide strength and corresponding copper 
solubility. 

Discussion of Results: 
To illustrate the relationship of copper solubility 


with time and cyanide strength the following table was 
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compiled from Table 6. 


Agitation Time Cyanide Strength Cu Sol'y. 

Hours Per Cent Per Cent 
4 0,025 026 
2 0.050 2022 
6 0.025 0930 
3 0,050 028 
4 0.050 2036 
2 0.100 0034 
6 0.050 0044 
3 0.100 044 
LO 0.050 060 
5 0.100 0064 


To further indicate the direct proportionality 
between time and cyanide strength, Fig. 3 was cone 
structed by plotting the product of time and cyanide 
strength against the per cent copper in solution. 
This resulted in an almost straight line curve with a 
gradual dropping off at higher per cent NaCN x time, 
because. of the gradual depletion of the available 
copper content. The close proximity of points with 
the same per cent NaCN x time product (arrived at 
from different strengths and time) and their respective 
copper solubilities, further illustrates the direct 
interdependence of time and strength on copper 


solubility. 
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INVESTIGATION No, 7. Effect of various amines on the 
solubility of copper in the cyanidation of a copper 
sulphide ore - Table 7, Fig. 4. 

To study the effect of various organic salts as a 
possible means of controlling copper solubility by 
adsorption, mineral coating or precipitation, tests 
were run On a copper sulphide ore using four amines. 
Results; 

Cu = Solubility decreesed with increasing amounts 

of amines. A Maximum decrease in copper from 
2.034% to .016% was obtained with 2 lb. 
fM.Coco-C per ton ore, 

NaCN - Consumption corresponded to copper solubility, 

NaCN/Cu - Constant at 3, 

CaO = Consumption increased with decrease in copper 

solubility. 
Discussion of Results; 

A possible explanation of the decrease in copper 
sOlubility, with the addition of amines, is the adsorp- 
tion of the amines at the surface of the copper minerals 
to form an insoluble coating to cyanide solutions. 

With the addition of increasing amounts of the amine 
this cOating becomes more effective. The possibility 
of the amine precipitating the copper as an insoluble 


compound appears doubtful, in that the concentrations 
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employed are small. For example, the maximum reduction 
in copper solubility from .034 to .016 per cent, 
equivalent to .0029 mols. of copper, is effected by 
e001 mols. of amine. This is less than a ratio of 

one mol. of amine per mol, of copper reduction and 
would appear to discredit the possibility of a pre. 


cipitation reaction occurring. 
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INVESTIGATION No. 8. Effect of an amine (AM-Coco-C) 
on gold extraction, copper solubility, sodium cyanide 
consumption and lime consumption in the cyanidation of 
a pyrite and pyrite copper sulphide ore - Table 8 - 
Figs. 5 and ll. 
As preliminary tests indicated that amines were 
effective in reducing copper solubility, a series of 
tests were run on a pyrite. copper sulphide ore in 
which the addition of an amine (AM.~Coco-C) was varied 
from 0,00 to 10.00 1b/ton ore. | 
Results; 
Au - Extraction decreased rapidly from 48.7% 
to 8.3% with the addition of 1,00 pound of 
amine per ton ore. A slight increase to 
15.3% extraction was obtained with the 
addition of 10.00 lb. of amine per ton ore. 
Cu - Decreased in solubility from .034% to .016% 
NaCN = Decreased in consumption from 7.90 to 
5.500 lb. per ton ore. 

Au/NaCN - Ratio decreased from 6.2 to 1.4 with a 
final slight increase to 2.8. 

BaCN/Cu - Increased from 3.2 to 4.5 

CaQ j= Increased in consumption comparable to the 


decrease in copper solubility. 
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Discussion of Results; 

An examination of Table 8 indicates that with the 
addition of 2.50 lb. of amine the gold extraction is 
decreased 84% as compared to a decrease in copper sol. 
ubility of 53%. The results indicate that if a 
differential actually exists for the adsorption of the 
amine on the copper minerals and gold, it would not be 
a favorable differential. The adsorption of the amine 
at the gold surface as in the case of copper forms 
and insoluble coating to cyanide solutions. 

The amine additions in this investigation are not 
as effective in reducing copper solubility as in the 
cyanidation of the copper sulphide ore alone - Table 7. 
This may be attributed to the consumption of the amine 
by the pyrite ore, reducing the available amine 
concentrations for. copper control. 

The increase in the NaCN/Cu ratio is probably due 
to the introduction of a constant cyanide consumption 
by pyrite. With the decrease in total cyanide con- 
sumption, this constant appears larger, resulting in an 
increase in the NaCN/Cu ratio. The increased lime 
consumption is due to a partial consumption by pyrite 
in addition to the decreased formation of OH" by copper 


dissolution. 

























~los 7 Ye eunoroeb 2 od poraqmce as 4° bossere 
s ti tans otacibai atinser off Ree 20 vitea 

edt ko molsgrodha ent, rot etaixe tUlaatos Ieitmererteh 
ead son bia gw #2. ,bLoy bus. elasomia qeqqoo ert mo ont fe 


_ 

J 

=: ehics off to motiqreahe edt afets corer tip 2 {detovet 5 a . 
ae aoret teqqos to ease edt at an eoataue bion oid ‘fas i, 

‘i a i 

7 : ,eneitoLoe eb insyo os adidshs eidutoant pas. ie. 


Se : , ' ot a4 


ten ets nots ap tbaeras whit mb emetsibba ontme ‘edt 


Taq al '- 
ae 


= edt at es ytilidufoa Page grkoubex nk evtinette a 


ik | ai 


7 


siine edt bo abidqumea ae ead os betudiaies ed Yeo etdt | 


= : 


a 
‘ «% efdat.. saeofs ero eb idgtia seqqoo ‘ectt to poivabiaage’ 
eo 


oe eldpalisvs ont eatoubex 9t0 9 ee edt wo 


—— x 


044.280 10.q 99 9 xo? puoktstd me0n09 | 


7 eas 


i: ob vidadorgq ai citer wo\WOed edt mt easetoni eit. a. 
soitqmnanes shbineys siatenco - p be nodtouborstak sett ot 
7 7" Rit 
~moo sbinsyo ‘Lat od wh eenexoad aed oie tw od Lee | 


emit. Sengerays eull skier wO\HOalL ode ak sonerod at 
et Pea Yd aoisqnwends felixeg ry ot oui af abide = t 


h: 


estas ak anieiaaes  Tegted erseqas $matuuos aicd 00.43 ga 
7 
% 


 geggon yt AHO Yo —— ‘deaserveb off ot Pee 
| Seana -sbltedoe 


as Th | 4} 1 4 


. ' , i 







. , hal ae a of ai oe) ; ] _ 
aay ys _ tbs a Re ‘i i a4 are % 
Ly ff mtd 





°4504 plvepueqgs & se UNI SBM FIZ 4SeL 














ere S°*? £°st (CN es 90° 0G°OT Go°e GTOG°=G20° OS°S OS7O°=00T* ee 
Se v°? G° St 060° 910" 06°S GO°? GPOG"=GZ0° GSH°s GS7O*=O0T*® O22 
EL L°? g°s 090° 21> OG*°? OV°T OTIG*=S20° GL°S HGvO<-O0L" 46.16 
°T 6° S28 090° 020° 00° T = OF i OTTG*=SZ0* G6°S GOVO"=O0T° 812 
ts el ae 16 OL0° 920° 0¢S°O OL LT OTC "G20 ° GL°9 BelO SOO: <hLg 
a e 9 =< o°L7 OvE® Og0° G20 00°T OSTO"=S20° 69° GS2O-s00T” “o8t2 
6 9 o & L°8v og¢° 220° TE OL°O O8T0°=S20° 06°2L OLeG =CO l= ste 
L°6 abasic 0*O00T Oct TEN TEN 06°0 O9TG*=S¢0° OT°T O680°=O00T*® FI2 
NOwN/ny nO/NoeN % e190 u04/*2O % edQ W04/*qT e40 uog/*at “uToS % emQ uog/eatT “uTos % *ol 
OTA BY OT4ZSY UOTIORAGZXT NY UOTAORIAXY “ULOS UT g=o00g=;[¥  edumst0g OLUey ¢dumsuog esusy 1se] 
* [OTT SATZET OY n¥ azeddo9 euTwy 089 NON 











a 


*810 eptgying szeddog eqtakg pus eqtahg & Jo uotyeptuetg ouj ut vuoTQdumsu0) ory pus 
uotadunsuog eptusky umtpog ‘fat {tqntog seddoy *uotqyoe19xq poy uo (Deooop=j¥) suTWy ues Jo JOOFJA = °g STQBL 


S10 ge edt #0 s0\.6E° silos ® ex0 


i <= 
2 


a3 fie lee ORFS. GEES 


ObI0.~385. 
OLiG.~éS0,. 
01£:.-380. 
5L00.-550. 
$£00 «280, 





| | 
| 


PERCENT COPPER IN SOLUTION 


PERCENT COPPER IN SOLUTION 


2040 


2010 








LEGEND 


- OO AMAC-118.56 — 
12-NAN-1181.5€  GQ—— 
Al=Coco=C —— 


AM~1120 
2030 


2020 


LEGEND 


.010 

0 1 2 3 

AMINES ADDED LBS. PER TON ORE. 
FIG. <4 EFVECT OF AMINES ON THE SOLUBILITY OF COPPER IN THE 
CYANIDATION OF A COPPER SULFIDE OnW. 
core $ dn EXYRACTION 
Q) 
5 Q © ca IN SOL'N 
: . 
Been 
N 

60 & ‘o 
Seiwa eS 65 
s : : i Soo eS SS he ee 
a 
j 4o ‘ee 

= — x 

a OQ = + 0 |  -  - — - — O 
3 
A, 

20 

O 
O- © =a : O 
0 1 2 3 4 5 6 T 


AMINE ADTED LES. PER TON ORE. 


FIG. 5 EFFECT OF A AMINE (AM-Coco-C) ON THE RELATIVE GOLD EXTRACTION, COPPER SOLUBILITY, AND 
SODIUM CYANIDE CONSUMPTION IN THE CYANIDATION OF 4 PYRITE COPPER SULFIDE ORB. 


NaCN CONSUMPTION 5 — — — _¢ 


CYANIDE CONSUMPTION LBS. PER TON ORE 





(143) 


INVESTIGATION No, 9. Effect of Xanthates and Stearic 
acid on the solubility of copper in the cyanidation of 
a copper sulphide ore - Table 9. 

Tests were carried out on a copper sulphide ore 
in which the addition of ethyl xanthate, amyl xanthate 
and stearic acic respectively was varied from 0,00 to 
5.00 1b. per ton ore. 

Results; 
Cu - Solubility constant for all three at .034%, 
NaCN = Slight increase in consumption for the 
Xanthates. fone tant for stearic acid, 
NaCN/Cu - Constant at 3, 
CaO - Constant consumption. 
Discussion of Results; 

The increased cyanide consumption with xanthates 
indicates a possible reaction between the xanthates 
and cyanide. The negative CaO consumption is due to 
the OH™ formation by copper dissolution, as explained 


in Investigation No. 5, 


sirsetS bar evetsdtnsk 10 79 etita © ,o& MOITADITSHVUl 


Fa A Pi at ir Netw ord) 
to coitabinayo sd at teqqoo Te wilitdsioe edt no bios 


2% sildsT - exo ebidgiue teqqoo 8 


od 


sro ehidefloe iwsqqoo s ao duo beittso Stsw asyeet 
stedinex [yas , ev ads asx [ydte to mols ibhbs ely doidw of 
/ | 
of 00.0 mort betray eaw Ylevisoeqes7 hlos olteeve brs 
‘a aod req .df 00,¢ 
383 [uees 

AEO fe esiuit. {fs rot tustenoo yiiltidwiloR - BO 


va 


3 Te li« L7 Gagsenod TE eerpetonmt Jas Ig on ADs 


(€) 
» 
r 


aetaneS .astaninas 
,£ ta Sastawod = sO \iOe tl 


nokiqmpenos sis7 BMG) » 0803 


o totasuoatd 


> 
A 
ee te ed RE Id (PO LE Om 





segantinex ditw nolitqmyenco eolasy9s besseronlt efT 
sefsrisaam ett neoewied moitosez eidtesog & eetaolbnat 


ot ob eat aatiqmuenos Ono evyitenen sAT .ebitasvo bua 
q ¥ 


benteloxe es ,anolitulorelds zteaqqoo YY? aotsaarrot "HO ed? 


.@ ,oW sottengttesval at 





(144) 




















65 VEO * 00°S O8s= €0*°=Sz0° OS*L G20 “=00T- G9? 
oe SEO 00°¢ 08" =. gO -=Gc0° OL°s S20-=00 E- V9S 
6°? 720° 00°T Ue== CSCE=S 20" OS’ s G20 -=O0L* 9S 
O*¢ 20° Qs* Si°= GéZ0°=S20° G7 °L SS¢0 *=O0T* ood 
Ee Z20* CH be OL== 220 °=GZ0 * OL°L Gag -=00 192 
Oa 5 26° TEN OS 6e6"=G720° GL°h Goo -=60 L- OSZ 
PROV oF aee9 O80 = HOSN 
oS 920° 00°S Gg = O£0°=S20° Gi°s Ge 0 -=00T - O92 
PES v0 * OCs O¢*= 020 -=S¢0- GZ°s8 Sale -=00 6S¢2 
oS ¥E0° 00°T OS°*= O¢0°*=Gz0° 0S°8 GTO*=O00T"* 892 
a8 VEG * OS* OS*= O&0°"SZ0° Ges G96" =00 1” LSZ 
o.8 oa0- OT° OS = Og0"=S20° $8°L STZO°~O0CT* 992 
ON vgo° Ltn O7-= 620" =S2Z0 * GL°k S220 °=00T* OS¢ 
TAuy 
Es 920° 00°S OS*= O£0°=SZ0°* 03°38 PLO" =001* GSZ 
os ve0° 00°¢ Gv°= G620 °=S20° O7*s 210 -=00T* VS? 
Lg veo ° 00°T @S22 O£0°=S20° OT°s 610 -=00T: ES? 
tee 20° os* Os 820 “=SZ0~ 00°8 G20 ==e0T- CASI 
O°¢ ZO ° Or OS*= O20 °=S:720 * GL°L S220“ =00T* T&S? 
o°¢ vZ0° TEN OFS 620°-Sz0* GL°h $220 °-00T* 0S¢ 
[449.8 
nO/NOBN % 810 u04/° aT 810 04 /* qt "uToOS % 2.10 u09/*at “uTOS % “ON 
OT4 By ‘uUTOS UT pepps -dumsuog esuey ¢dumsto 9 OZuUBy 439], 
* TOV r9ddog 84. BUAU BY O89 NOeN 
°eIQ eptudtng szeddon we jo uotqgeptuetg eg 
ut seddog go AAT [TqnTOS sy UO PTOY ofiveqg pus soquyquey fo qoesTH = °6 STABL 





ee a er SIC ea es rN Rayner wring hth ls Gina SR ae Ney i SR Sr a ee itl et srs lentes 


; : 
, f2% PP ay -, a = a r ~e t as 
ed 4 so“ wae SOR ONG dea SEA. ease | ee 
“ oe er * - * = : , & : d ~ = = “ 
- * ~ ore a] ¢ rer! 2 3 = 7 - oes ~ ~ 
Giv BH as Ss ae aha HSEous > ePelarts< ae Ga GME IS cc amas | F2eTt 
; Sea 3 3 = 
oe ke % = pa er - - r ns 45 
re OR! a Po cer mye” : ne a ee i a ¥ = -* , 
ey is tee e. oes =a hw ; eds oe ae ge I ee + ar 2 \on elb lS = te% 
SS 
Ree ly ec y Aey er amellgh aetna me ee IE Decay mre sae HCN tl NaS laren Ae a ae al el SO rr er ee 
os ¥ie 
4) \e 
_ = : 6 we ae - 3 A fo e =—- s a ~~ = ras 
a — s 2 a a — : . 
a ae Ye anak 2s Ta ; Se 6 a oo zig ue @ UA Le ~~ we 
A - v eer & . * > y m= mt ve a ~ - ~ = 
: G.& Ge s a VS a = PFS 6 ap ello wee i vou /se™ JIL Le ita 
7 é ie ~~ ? - " = ~ . 7 < Pt 
, 5 Th Wee % _ CT wi be CA 5 wh 4 Fee oF Ve © ed 
o 
. a) = » ~ — & ~ 
aww = 4st e w Py oh we oe ws ry u “J st. Wer ee &GS 
ee cd = : c : , cer Rae 
wets Set + oom Bs ee we => 4 wileuw wv i eG. 0 Ga 
af - »> ¥ W ihe Z an z . ~ < 
4 z Z Py - . 
a Aa ty 71/ » rs, @ ks —~ a eae ° fw @ = J 7s > ww 
é ~ 
a 
| 
“so 
<a, *- ; ; 
” a be 
- <4 
- r > 1. ad a = + ane . - ‘ - _ 
— we aS. . o Ve 2A * Voie oe ee ww eo ’ we 
% > ‘ > : a Om sn 
i nd . . a Ft a a ¥ © ~ me . Pues 
2 
j uo > ¥ — i -_ ~ ™ 
BS = ° = ° . = r) « 5) a ’ , on : ‘ 
“ev = i « he - eed le al eae . p@ hae ° ~ 
e 2 , - 
os : d ° ew = = oie . ie" wut = ° , 
S 
’ Q 4 
“ew ew Ww x . eee ~ or are 6. a ees eee . 
« ‘ “ 
am Ps has c = re 
* re. - “ ~ 
F w @W a We ¢ gpmae Su ov o . es ‘ a 
; ie wile Ss i.e mt a v tee . . a aie . a * 
~ ny . . 
ow ta Lr’ e e as! me bed “= . ~’ . . lng ° 
. «= ww @ . o> ! fo - . . - "nia . 
{ a 
J 9 . teed — f ars . ei . Laie . 
ee . . xe — . . .= , 


(145) 


INVESTIGATION No, 10. Effect of pH on the solubility 
of copper, using phosphates as a buffer reagent - Table 
10. Figs 6. 

Tests were conducted on a copper sulphide ore in 
which the pH was varied by the addition of phosphates. 
The pH determinations were taken before and after 
agitation, 

Results; 

_ Cu - Solubility décreased from a value of 0.036% 
at pH 10.8 to 0.012% at pH 7.65, and then 
increased erratically when the pH was further 
lowered. The value of 0.018% Cu at pH 10.2 
seemed out of line. 

“Na€N - Consumption increased tO a maximum at pH 
9.55, then decreased to a minimum at pH 
7.65 followed by a final increase. 

NaCN/Cu = Ratio increased to a maximum at pH 
7.65. All values were higher than normally 
found for the corresponding copper percent 
at high pH. 

pH - Tests run at high pH showed a decrease of pH 
during agitation. Tests performed at low 
pH showed an increase of pH during agitation. 

Discussion of Results: 


The overall copper decrease is due presumably to 
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the decreased dissociation of HCN when the pH is lowered. 
The initial increase of copper may be caused by activation 
by phosphates. The final increase is, at this time, 
unexplainable. The cyanide consumption decrease cor. 
responds to the copper variation. However, because 

of the limited dissociation of HCN the values for 
cyanide consumption by copper are probably high as the 
titration of the "free cyanide" does not include all 

the undissociated HCN. Because of this the mol. ratio 
of cyanide t© copper is found higher than normally 

found at high pH. From the values of pH prior to and 
after agitation, results indicated an acidifying action, 
It may be that the dissolved carbon dioxide from the 

air during agitation overrides the basic effect 

produced when the copper complex forms or that the 
phosphoric acid is incompletely dissolved when the 


initial pH determinations are taken. 
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INVESTIGATION No. ll. Bffect of pH on the solubility 
of copper, using various buffer reagents, in the cyanid. 
ation of a copper sulphide ore - Table ll. 

Tests were conducted on a copper sulphide ore in 
which the pH was varied by different buffers to determine 
if the variations of copper content were attributed to 
the pH change or the character of the buffer reagent. 
Results; 

Cu j= Solubility decreased in the lowering of pH. 

The effect was the same using phosphate and 
acetate buffers but less pronounced with 
borax. This difference is especially so at 
low pH. 

NaCN - Consumption decreased to a minimum at pH 

of 7.2 and then increased on further drop 
of pH. 

NaCN/Cu - High values were obteined except in the 

case Of borax. 

pH - The pH values prior to agitation were higher 

than those obtained after agitation. 
Discussion of Results; 

The decrease in cOpper solubility appears to be 
primarily due to ig sed dissociation of HCN because of 
pH lowering, rather than to the character of the buffer 


Salts. Some action of the borax salts encouraged HCN 
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dissociation even at low pH. The cyanide consumption 
seems high but is misrepresented on account of distorted 
titration. The consumption at pH's below 7 is 
comparatively higher than above 7 even though the 

copper dissolution is less. This is because the HCN 
becomes less dissociated as the pH is lowered, and 

gas losses by vaporization of the HCN are greater. 

As a result of the cyanide consumption appearing high, 
the cyanide copper ratios indicate high values. The 
decrease Of pH during agitation indicate the same 


acidifing action as found in investigation No. 10. 
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INVESTIGATION No, le. Effect of pH on gold extraction 
and sodium cyanide consumption, using phosphates as a 
buffer reagent - Table 12 ~ Pig. 7. 

So the dissolution rates of copper and gold with 
variation of pH might be compared, tests were conducted 
on a pyrite ore to establish the gold dissolution rate. 
Results; 

Cu - The gold dissolution decreased with lowering 
of pH, from a value of 114.1% relative recovery 
at pH 10.4 to a value of 57.8% relative 
recovery at pH 7.3, 

Nacn Vigowsunation decreased slightly at a pH of 
10.1 and then increased with decrease of pH. 

Au/CN = This ratio reached a maximum at a pH of 
10.1 and decreased with further lowering of 
pH. 

Discussion of Results: 

The decrease of gold dissolution is due to the 
decreased "effective" cyanide strength because of 
incomplete dissociation of HCN at low pH. The apparent 
anomaly of decreasing gold solubility and increasing 
cyanide consumption is attributed to the hat obuea or 
the dissociated HCN and only part of the undissociated 
HCN. This accounts for the low gold cyanide ratios at 


low pH's. 
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From this investigation and Investigation No, 190 
it is observed that copper solubility is Limited to a 
greater extent than is the gold dissolution at low pH 
values. Over the range covered gold decreases 49.3% 
and copper drops 50% with a maximum drop of 66.7%. 
While a differential exists between the dissolution 
rates, it is thought not to be great enough to be of 


economic value. 
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INVESTIGATION No. 13. Effect of aluminum oxide on 
the solubility of copper ~ Table 13. 

To determine if A103 has any effect on copper 
solubility by oxidation, electrochemical action, or 
some other means, tests were performed on a copper 
sulphide ore in which different amounts of A150 3 were 
added. 

Results; 

Cu - Solubility remained constant, 

NaCN -« There was no change in the cyanide consumption 

arin eae of Al5°, 

NaCN/Cu = The ratio was found to be constant - 

within experimental limitations. The average 
value was 3,06, 

CaQ - There was no significant change in alkalinity. 
Discussion of Results; 

Although literature records that Al503 is soluble 
in alkali solutions, it is thought that the cyanide 
solution is insufficiently alkaline to give an 
appreciable dissolution of Al 503. Nevertheless, there 
are no indications that even if A103 is soluble that 


it would retard the dissolution of copper. 
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INVESTIGATION No. 14. iffect of PbO on the solubility 
of copper in a lime cyanide solution = Table 14-Fig. 8. 
As PbO has been found to be an effective reagent 
in the cyanidation of gold ores other than cupriferous 
it was decided to study its effect when applied to 
cupriferous gold ores. Preliminary tests were conducted 
On a copper sulphide ore. 
Results; 
Cu - Solubility decreased from a value of 0,032% 
Cu to 0.006% Cu when the equivalent to 3 lb. 
per ton ore of PbO was added. Further 
addition of PbO failed to lower the copper %. 
NaCN » Consumption dropped in parallel manner 
to that of copper solubility but not to the 
same extent. While the maximum decrease of 
copper was 81% the corresponding lowering 
of cyanide consumption was 75%, 
NaCl/Cu - The overall effect was an erratic increase. 
CaO —- The consumption gave negative and positive 
values with a general trend from negative 
to positive. 
Discussion of Results: 
The reason for the décrease of copper in solution 
by addition of litharge is, at this time, not known. 


Because the cyanide consumption decreases, the inference 
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is that some of the complex copper ions are prevented 
from forming. This would eliminate the possibility 
of the copper complex ion being adsorbed on the PbO 
to a large extent. The assumption that copper combines 
with cyanide in the ratio of 13:3 does not appear valid 
when one considers the mol, ratio at low copper content, 
However, if there is a eyanide consumption not attrib. 
uted to copper, then the assumption is not necessarily 
wrong. Also, such a consumption would be consistent 
with the increased mol. ratio at low copper concentrations. 
When calculations are made to determine this "extra" 
consumption the results vary from 0 to 1.95 lbs. per 
ton of ore, with an average value of 0.61. Variation 
is irregular and not consistent with copper change or 
PbO addition. 

The foregoing phenomenon called for additional 
tests to determine if litharge alone consumed cyanide. 
For a range of 0 to 10 lbs. per ton ore of litharge 
the cyanide consumption by litharge was nil. Regardless, 
this does not rule out the possibility of indirect 


: cyanide consumption by lead oxide when copper is present. 
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INVESTIGATION No. 15. Hffect of lead acetate on the 
solubility of copper in a lime cyanide solution - 
Table 15, Fig. 8. 

To further determine the effects and mechanisms by 
which lead salts decrease the solubility of copper, 
tests were run on a copper sulphide ore in which the 
variable was a soluble lead salt, namely, lead acetate. 
Results: 

Cu - Solubility decreased from a value of 0.034% Cu 
to 0.006% Cu when the equivalent to 10 lb. per 
ton ore of PbAc. was added. 

NaCN - Consumption decrease parallels the copper 
decrease but not to the same extent. While 
the maximum decrease of copper was 82%, the 
corresponding lowering of cyanide consumption 
was 76%, 

NaCN/Cu - Values obtained were irregular and 
showed no significant trend. 

CaQ - Consumption increased but not proportionate 
to the lead addition. 

Discussion of Results; 

Pound for pound the lead acetate is not as effective 
as litharge in limiting the copper solubility but is 
Slightly better in reducing the cyanide consumption. 


However, to make a true comparison of the two reagents 
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it is necessary to reduce the respective amounts to 
molecular equivalents. The copper percentages and 
cyanide consumption are calculated on this basis and 


shown as follows: 


Equiv. % Cu % Cu NaCN Cons. NaCN Cons. 
Amount PbO PbAc PbO PbAc 

ol 0032 4028 7.85 7.20 

oo -O1? 2919 4.35 4,30 

x 2010 2011 3.60 2.90 

5 .007 2007 2.60 1.85 

10 2006 2006 1.95 1,85 





Comparison now shows little difference in copper per.~ 
centages when equivalent amounts of litharge and lead 
acetate were added. This indicates that the lead 
radical, and not the non-metal radical is responsible for 
the reduction. For intermediate values, the acetate 
reduces the cyanide consumption to a greater extent 
than does the litharge. Presumably the non metal 
radical is an additional variable factor causing cyanide 
consumption. The choice between the use of litharge 
and lead acetate would be an ecomomic balance between 
the additional cost of acetate and the decreased cyanide 
cost. 

The increased CaO consumption is accounted for 


by the decrease in copper solubility. 
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INVESTIGATION No. 16. Effect of lead silicate on the 
solubility of copper in a lime cyanide solution - Table 
166 Fig. 8% 

Continuing the investigation of the effects of 
lead salts on copper solubility, tests were conducted 
on a copper sulphide ore in which the variable was an 
insoluble lead salt, namely, lead silicate. 

Results;:: 

Cu - Solubility remained constant until the 
equivalent of 10 1b. per ton ore of PbS10, 
was added, when it decreased slightly. 

NaCN - Consumption followed the same trend as 
the copper solubility. 

NaCN/Cu - This ratio showed no significant variation. 

CaO - Consumption stayed constant. 

Discussion of Results; 

‘The solubility of lead silicate is so low in the 

cyanide solutions that insufficient lead is supplied to 


affect the copper solubility. 
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INVESTIGATION NO. 17. Hffect of PbO on gold 
extraction, cOpper solubility, sodium cyanide consump. 
tion and lime consumption in the cyanidation of a 
pyrite and pyrite copper sulphide Ore ~ Table 17. 
Tie. 9 = Fig. iL. 
As lead salts gave the desired effect when applied 
to a copper sulphide ore, tests were conducted on a 
pyrite gold ore to determine the effect of litharge on 
gold dissolution. Additional tests were run on an 
ore that contained both copper and gold to note if 
the relationships established on the individual ores 
held true when the ores were combined. 
Results; 
Au - Au pyrite only- when two lbs. per ton ore 
of PbO was added, the relative gold extraction 
decreased to 61.0%, 
Gold and cOpper =» when no lead was added the 
relative Au extraction was 50.8%. Litharge 
additions of 0.3 to 2.00 lb. per ton ore 
increased the extraction, the maximum of 
88.5% was at 0.50 1b. per ton ore. Extraction 
decreased with further increase of PbO, 
Cu = Solubility decreased but decrease was only 
approx. half of decrease when pyrite was 


absent. 
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NaCN - Au pyrite only - consumption decreased. 
Gold and copper - consumption increased 
Slightly when 0.30 lb. per ton ore of PbO 
was added, then decreased with further 
addition. 
NacN/Cu »- Ratio gradually increased, 
Au/CN = Ratio changed similar to gold extraction 
but maximum found at 1.5 and 2.0 1b/ton ore, 
CaQ «= Consumption erratic 
Au pyrite only - showed a decreasing trend 
Gold and Copper - slight increase was followed 
by a small decrease. 
Discussion of Results; 
When the litharge is added to the gold pyrite ore 
alone the gold dissolution decreases but not to the same 
extent as does the copper in Investigation No. 14. 


This is shown by the following table. 


PbO Au Cu Differential 
_f Decrease % Decrease Cu/Au 

ee 404 47.0 10.6 

1.99 28.3 68 Re) 24 

2.90 | 39,0 75.0 1.9 





Thus it is evident that small amounts of lead salts are 
more beneficial than large amounts. At low concentrations, 
the action of the lead salts seems similar to the action 
on the copper minerals but to a lesser extent. This 


suggests the mechanism of mineral coating. 





(das) 


beens tosh snoitgrivents « tine et txva wh « Hsu 
beseezse! noiterwetos « TSqgoo bus bLod 
OFF To ero maog ‘394 ed Ll O8.9 now yitdatte 
sernltist céiw Beasetoeb aers bebbs enw 
| | ~Mole thdDsS 
beeneton: ylisnbera 633.88 * wO\Eoet. 
ceitoedxe blog ot xeLimte bencads Citak ~ MO N\A 
.ere wot\df OS bas Gf os bawot mumixem J od 
pieerse weticoweied ‘s O89. 
babrd sntecetsed ex bewore ~ yino et izyg A 
bewcolfet eaw sesetont tdpile « Teqgod: Sus bLeb 
,eeperoeb ilame s Yo 
ied {wpe to so tvesoa td 
ero sticrva “bfomn edt ct bebbe ef egret it edt nedW ik 
me oft OF ton Ind eoeserped nottuLoeelb bLoy os ONO Ls 
OL of coltegiteernl at 1sqq00 edd n90b aA sredxo 


sided ambwollLot edt yd owode ef aldt 





Inti tte ert it pd BA Od 
SAID peseroed KR Bake soe & 
OL 0, V4 ap 04.0 


exo afise bael to etapome Ifene tadt inebive ei tt ane 
~aneisertaeonon wot JA .etawome epiel scedd Ietoltened  etom 
coitoe ont of taitmie emoer @iise beel edt To molsos eng 

gj LtT 


i snuetxe tearesl « od tad eletonim reqgeo Say ag 


epnivrzoo Lerenin to metuadoom ent ed pongeell & 





(167) 


When pyrite and copper minerals are agitated with 
no addition agents, the relative gold extraction drops 
to 50.8%. It is presumed that the gold extraction 
decrease has been attributed to cyanide depletion by 
cOpper. However, there are indications that the copper 
complex ion further decreases the gold dissolution by 
ecOating the gold. This is brought out when tests 144 
and 146 are compared. The cyanide strength for test 
146 is lowered to a greater degree than test 144. 

But the gold recovery for test 146 is higher than 144. 
It is clear, then, that cyanide depletion is not the 
only factor affecting the gold dissolution. 

Test 146 differs from test 144 in that 0.3 1b. 
per ton aoe of litharge is added to test 146. This 
sugeests that PbO prevents the copper from coating the 
gold in some manner. The following mechanisms are 
advanced to explain the above results; 

(1) Pb ions adsorb on gold 

(2) Pb ions adsorb on copper minerals. These two 

functions account for the decrease in the 
solubility efegoid and copper. 

(3) Copper ions adsorb on gold. This indicates 
why the dissolution of gold in the presence of copper 
ions is hindered to a greater degree than can be 


predicted from cyanide depletion alone. 
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(4) Copper ions adsorb on or react with PbO or Pb 
ions. This shows how the lead salts decrease the effect 
of (3), i.e. when lead salts are added the copper ions 
now adsorb on or react with the lead in preference to 
adsorbing on the gold. The maximum gold extraction is 
Obtained by the correct balance of all mechanisms. 

Too little lead does not fully utilize the advantages 
of (2) and (4) while too much lead by (1) nullifies 

the action of (2) and (4). This is nicely shown by 
table 17 and Fig. 9 when increase of PbO up to 0.50 

lb. per ton ore gave the maximum extraction and further 
litharge increase reduced the extraction, 

The general drop in cyanide consumption is con. 
sistent with the decreased solubility of copper. The 
small increased consumption at low amounts of litharge 
presents an interesting, but, at this time, unexplainable 
variation. The increase in mol. ratio is consistent 
when one considers that the cyanide consumption by the 
pyrite is not deducted from the total cyanide consumption 
when calculating this reco As there is no reason to 
believe that this consumption by pyrite should be 
constant, the interpretion ofthe molecular ratio, when 
the consumption by pyrite is deducted, might lead to 


faulty deductions. The maximum gold cyanide ratio has 
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economic significance when one wishes to ovtain gold 
extiadtian with minimum cyanide consumption. The 
choice between maximum gold extraction and maximum 
gold cyanide ratio is a balance between the price of 


g0ld and the cost of cyanide. 
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INVESTIGATION No. 18 Effect of PbO on the solubility 
of copper in a sodium hydroxide cyanide solution - 
Table 18, Fig. 8. 

Tests were performed on a copper sulphide ore in a 
sOdium hydroxide circuit to determine if the character 
of the alkali influenced the mechanism by which litharge 
lowered the copper solubility. 

Results: 

Cu - Solubility decrease from a value of 0.932% Cu 
to 0.006% Cu when litharge to the equivalent 
to 2 1b. per ton ore was added. 

NaCN «j= Consumption decrease paralled the copper 
solubility lowering but not to the same degree. 
The maximum decrease of copper was 82%, the 
corresponding lowering of cyanide consumption 
was 68%. 

NaCi/Cu - The overall effect was an erratic 
increase. 

CaO . The general trend was an increasing con. 
sumption. 

Discussion of Results; 

The following table gives a comparison of the 

action of litharge on the copper solubility in CaQ 


and NaOH circuits. 


er ‘ AK ii s art 4! | : is rh ce 
(svt) 


qtiitdeioa ed? ao Od¢ to doetta . BL ,o% WOLTADITERVUT 


~ acivuloe shinayo ebinorhyd auiboe s ai 1eqqes te q 
| 8 git BL efdet 
eal etre ebidg lus teqqgco 2 m0 Searsctteqg erew etee&l 
zescareds edd ti onimred eb o¢ tivotko ebixoxrbyi muiboe 
espteadsil doidw yd me isvest > em eat beoneuttat tisdis edt to 
UWwiliduloa rteqygoo ods berewot 
| ied fueest 
BD RSEO., 0 to evisavy 2 mor? seserosh yiiliduiog:- yD “ 
tneleviupe eds ov eatadiif nenw wd R00. 0 os 
bebbs ssw 810 aot req .di S of 
seaqqgoo eft beliatsg easoroeb cio kt qame nod - Wsh 
-eorpeb suse eft of gon Sud gaiztewol ywilidstoa. 
od; .&S6 esw 1e8qq 09 to eesetosh mumixen edT 
noisqayanco ebinsyo I¢ aymixrewel atiibnoqestr0o 
88d esw 
olfsit® os easy toette. ILeteve elf - yO\DaE | 
seesetont | 
-169 gniesetoni os esw brext [steten ef? + Osd- 
noid qmue 
:63 [vee To woteevoeke » 
ens to soesitagmes gs seviz elded uaiwolfot edt 
Osd nmi ¥tilidwice teqgeo edt mo egradtt£ to sottos an 


~etivortto HOsi bus 





(173) 


PbO NaOH Circuit CaO Circuit 
1lb/T. ore % Cu % Cu 
nil 0.034 0,032 
0.10 | 0.028 0.032 
0.30 . 0,021 0.023 
0.50 0.015 0.017 
2.00 0.006 0.008 





While the overall picture tends to show that PbO is 

more effective in a NaOH circuit, the variation in 
individual values does not warrant a definite conclusion 
to this relationship. Comparison of cyanide con. 
sumption, cyanide copper ratios, and alkali consumptions 
does not add anything more to establishing that PbO 

is more effective in a sodium hydroxide circuit. 

No additional information that might aid in 
establishing fundamental relationships is obtained by 
conducting this test. Therefore, a detailed analysis 
of copper solubilities, cyanide consumptions, copper 
cyanide ratios, and alkali consumptions, would be of 


no value. 
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INVSSTIGATION No. 19. Bffect of PbO on gold extraction 


copper solubility, and sodium hydroxide consumption in 


the cyanidation of a pyrite and pyrite copper sulphide 


ore-Table 


LF rey LOS Pies es 


Tests were performed on a pyrite gold ore to 


de termine 


when the 


if the effectiveness of litharge changes 


type of alkalinity is varied. Further tests 


were run on a gold and copper ore to note if the trends 


found in 


the tests on the individual Ores held true when 


the ores were combined. 


Results: 


Au -« 


Cu « 


NacN 


Au pyrite only - Up to 2 1b. PbO per ton ore, 
the dissolution of gold showed no significant 
change, On the addition of 5 1b. PbO per ton 
ore the Au extraction dropped to 47.0%. 

Gold and copper - When no lead was added, the 


relative Au extraction was 57.6%. Addition 


of PbO up to 3.0 1b. per ton ore increased 


the extraction, with maximum of 104.5% at 

1.9 lb. PbO per ton ore. 

Solubility decreased but decrease was only 
approx. 1/3 of decrease whew pyrite was absent. 
- Au pyrite only - consumption decreased 

gold and copper - consumption increased when 
0.30 lb. per ton ore of PbO added, then 


decreased with further addition. 
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NaCN/Cu - Ratio gradually increased, 
Au/CN = Ratio changed in a manner similar to 
variation of gold extraction, 
CaQ ~ consumption variation erratic, 
Au pyrite only ~- showed a decreasing trend 
gold and copper - variation too erratic to 
show any trend. 
Discussion of Results; 
The following table shows an interesting difference 
in the gold extraction when tests performed on a gold 
pyrite ore only, were conducted in lime and sodium 


cyanide solutions. 


PbO %® Au Bxtraction % Au Extn. 
in CaO Cireuit NaOH Circuit 

0,50 95.6 116.6 

1.00 Viet 110.6 

2.00 61.9 112.1 

5.00 GP 2D GD a> =D 47.9 


The gold is not coated as effectively by lead in a NaOH 
circuit as in a lime circuit. The higher value for gold 
extraction, when no litharge is present for the NaOH 
circuit substantiates the experimental evidence of other 
investigators that lime is detrimental to gold dis. 
solution. The ability of lead to coat gold now seems 

to be a fiuction of the type of alkali in solution. 


Comparison of the copper dissolution values in both 
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type of alkalis shows that this dependency of the lead 
coating ability on the type of alkali extends to the 
copper minerals. For this reason the maximum gold 
extraction is shifted to 1.0 lb. per ton ore of PbO, 
Becaus@ of the absence of the detrimental effect of 
CaQ, the gold cyanide ratios are higher for the NaOH 
circuit than the corresponding velues in the lime 


circuit. 
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FIG. 10 EFFECT OF PbO ON RELATIVE GOLD EXTRACTION, COPPER SOLUBILITY, AND SODIU): CYANIDE CONS MP* 8. 
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INVESTIGATION No. 20. Effect of PbO in different 
alkaline cyanide sOlutions on gold extraction, copper 
SsOlubility, cyanide consumption and alkali consumption 
in the cyanidation of a pyrite copper sulphide ore, 
Table 20, Fig. 12. 

Tests were performed on a pyritic copper sulphide 
ore to substantiate the results obtained from invest. 
igations No. 17 and No. 19. Additional tests were run, 
in whick no alkali was added to determine if alkali 
was necessary when litharge was used to promote gold 
extraction in presence of copper minerals. So that 
the litharge would be more homogeneous, it was 
screened and only the -200 mesh product used. 

Results; 

Au - CaQ circuit. The extraction trend was similar 
to that of investigation No. 17. At high 
values of PbO the decrease of recovery was 
greater than those reported in Investigation 
No. 17. | 
NaOH circuit - The extraction trend was 
similar to that of investigation No. 19. 

The actual values in this investigation were 
lower than the corresponding values in 
Investigetion No. 19. The maximum recovery 
in this investigation was found at 0.5 1b. 


per ton ore PbO. 
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No alkali circuit - The extraction increased 
from a value of 50.7% when no lead was added, 
to maximum of 79.1% when 1.0 and 2.0 lb. 

per ton ore of PbO was added. 

CaQ circuit - solubility decreased from 0.034% 
to 0.010% Cu when 2.0 lb. per ton ore of 

PbO was added. These values were lower than 
corresponding values determined in Invest. 
igation No. 17, 

NaOH circuit - solubility dropped from 
0.034% to 0.014% Cu when 2.0 1b. per ton ore 
of PbO was added. These values were lower 
than the corresponding values determined in 
Investigation No. 19. 

No alkali circuit -~ solubility decreased from 
0,032% to 0.028% Cu when 2.0 1b. per ton ore 
of PbO was added. 

- CaQ circuit = consumption was lowered to a 
greater degree than the corresponding values 
determined in Investigation No. 1’. 

NaOH circuit - consumption was lowered to a 
greater degree than the corresponding values 
determined in Investigation No. 19. 

No alkali circuit - consumption increased 
slightly and then decreased to a small degree 
when PbO was added. 
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NaCN/Cu - CaO circuit - Ratio increased similar to 
values found in investigation No. 17. 
NaOH circuit - Ratio increased similar 
to values found in Investigation No. 19, 
No alkali circuit - No significant change 
was noted. 

Au/CN - CaQ circuit - trend similar to that of 
Investigation No. 17. Corresponding 
values for this investigation were 
higher than those of Investigation No, 17. 
NaOH circuit - trend similar to that of 
Investigation No. 19. 

No alkali circuit - values of ratio 
increased from 6.6 to 11.2 as PbO was 
added. 

Alkali consumption ~ CaO circuit - values were 
erratic and no significant trend was 
observed. 

NaOH circuit - a slight tendency for 

increasing alkalinity was noted. 

No alkali circuit - consumption was 

negative, with the trend for the con. 

sumption values to become less negative. 
pH - CaO circuit ~- values decreased from 11.80 to 

11.70 as PbO was added. 


NaOH circuit ~ values remained constant 
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at 11.70 
No alkali circuit - values remained constant 
at 11.15, 
R.P. CaO circuit - values decreesed from 102 to 
44, 
NaOH circuit - values decreased from 94 to 56, 
No Sire igucdecndt - values decreased from 96 
to 84. 
Discussion of Results; 
The results obtained from these tests do not conflict 
with the relationships established by Investigations 
No. 17 and 19. The greater effectiveness of the litharge 
in this investigation is attributed to the litherge 
being in a more finely divided state because of screening. 
This investi gation peeuiiened the dependency of 
the litharge action on the type and degree of alkalinity. 
The following table is calculated to facilitate com. 


parisons of each type. 


Type of % Au Uxtr. % Cu Sol. % CN Cons. pH 
Alkali — increase Decrease Decrease 

No alkali 56 13 8 11.15 
NaOH | 92 59 43 11.70 
Cad 15 71 58 11.75 








The variation in results for lime and sodium hydroxide 


is attributed to the type of alkali (ef. Investigation 
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No. 19). It is suggested that because of the amphoteric 
nature of litharge, its solubility and effectiveness | 
is increased by increase of pH. This would account for 
the difference in values between the no alkali circuit, 
and the lime and sodium hydroxide circuits. 

The decrease in reducing power as litharge is 
added infers that litharge is an oxidizing agent in 
eyanide solutions, or that as the copper dissolves, the 
solution becomes of a reducing nature and litharge, 
by decreasing the copper solubility, appears as an 


oxidizing agent. 
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INVESTIGATION NO. e2l. Hffect of varying NaOH with 
added PbO on gold extraction, copper solubility, sodium 
cyanide consumption and sodium hydroxide consumption in 
the cyanidation of a pyrite and pyrite copper sulphide 
ore - Table 21, Fig. 13. 

Investigation No. 20 established that the effect. 
iveness of litharge was dependent upon the degree of 
alkalinity, wt did not establish where the optimum degree 
of alkalinity was. Additional tests were performed on 
a pyrite copper sulphide ore to determine the optimum 
for NaOH alkalinity. The NaOH concentration was varied 
from 0,015 to 0.150 per cent, using the optimum PbO 
of 0.50 1b. per ton ore, as determined from previous 
test work. 

Results: 
Au - extraction increased gradually to a maximum 
of 92.8% at 0.50% NaOH. Further increase 
in alkalinity resulted in a decreased 
extraction. 
Cu - sOlubility decreased slightly from 0.030% 
to 0.024% Cu. 

NaCN - consumption decreased from 7.60 to 5.50 

lb. per ton ore at 0.075% NaOH. Further 
increase in alkalinity at 0.150% NaOH 


resulted in a slight increase in consumption 
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to 6.00 lb. per ton ore. 

Au/NaCN - increased from 11.0 to maximum of 19,3, 
coincident with maximum gold recovery, then 
decreased to 14.2, 

NaCN/Cu - constant 

NaOH »- consumption increased rapidly from -.030 

to 1.35 lb. per ton ore. 

pH « increased from 11.50 to 12,05, 

R.P. - erratic results, varied from 112 to 96. 
Discussion of results; 

A maximum gold extraction of 92.8 per cent is 
obtained at .050% NaOH, however, alkalinity does not 
appear too critical a factor with respect to gold 
recovery. The Au/NaCN ratio with a maximum value of 
19.3, coincident with maximum gold extraction, is more 
critical, showing an increase of 75% with increase in 
alkalinity of .015 to .050 per cent NaOH. 

The decrease in copper solubility with increased 
alkalinity would appear to substantiate previous test 
work, which indicates that alkalinity is essential in 
affecting a reduction in copper solubility by coating 
with lead compounds. The increased NaOH consumption 
can be attributed to the decreased formation of OH™ 


with cOpper dissolution. 
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The decrease in cyanide consumption is consistent 
with copper solubility, as indicated by the constant 
NaCN/Cu ratio. The erratic results obtained for 


reducing power prevents its correlation with other 


factors. 
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INVESTIGATION No. 22. Hffect of PbO and varying 





sodium cyanide strength on gold extraction, copper 
solubility, sodium cyanide consumption and lime con. 
consumption in the cyanidation of a pyrite and pyrite 
cOpper sulphide ore «= Table 22 - Fig. 14, Fig. 15. 
To determine whether a differential existed 
between gold extraction and copper solubility (with 
and without PbO) with varying cyanide strength, tests 
were carried out on a pyrite ore, pyrite copper sulphide 
Ore, and pyrite copper sulphide ore with added Pbo. 
Cyanide strengths of .025, .050, .075 and .100 per cent 
were employed and the optimum PbO of 0.50 lb. per ton, 
as determined from previous test work, was used. 
Results; 
Au - Pyrite ore - extraction increased from 77.7% 
to 100.0%, 
Pyrite Cu Ore - extraction increased from 
18.1% te 47.3%. 
Pyrite Cu ore £ PbO ~j extraction increased 
fron 23.6% to 79.2% with increased cyanide 
strength, 
Cu - Pyrite Cu ore - solubility increased proport. 
ionately with cyanide strength from .008% 
032%, 
Pyrite Cu ore # PbO ~ solubility increased 


proportionately with cyanide strength from 
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.006% to .026%, 

NaCN - Pyrite ore - consumption increased from 
0.70 to 1.60 lb. per ton ore, 
Pyrite Cu Ore = consumption increased from 
2.20 to 8.15 lb. per ton ore, 
Pyrite Cu ore #4 PbO =~ Consumption increased 
from 2,30 to 7,50 1b. per ton ore. 

Au/NaCN - Pyrite ore. maximum value 111 at .025% 
Naci, 
Pyrite Cu ore = maximum value 8.8 at .050% 
Nach, 

NacN/Cu = Pyrite Cu ore - erratic, ranged from 
3.3 to 4.1, 
Pyrite Cu ore # PbO = decreased from 5,0 
to 3.7, 

CaO = pyrite ore j~ consumption decreased from 1.20 
to 0.85 lb. per ton ore. 
Pyrite Cu ore = consumption decreased from 
0.85 to -0.30 1b. per ton ore, 
Pyrite Cu ore # PbO = consumption decreased 
from 0.75 to -0.30 lb. per tonore. 


Discussion of Results: 





An examination of the solubility of copper with 
cyanide strength, Investigation No. 4, and the dis. 


solution of gold alone with cyanide strength, above, 
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indicates that en optimum differential exists ata 


cyanide strength of .025%. 


NaCN Differential 
Strength 0 Cu % hu Au/Cu 
0025 25 et 3.1 

2050 50 83, Vet 

~O75 75 98. 13 

2100 100 100.0 1,0 





This becomes apparent when it is noted that copper 
sOlubility ie almost directly proportional to cyanide 
concentration, whereas, gold dissolution increases 
rapidly at first with a gradual levelling off at higher 
cyanide concentrations. The Au/NaCN ratio, Fig. 15, 
for the dissolution of gold and copper together 
illustrates that the optimum differential now prevails 
at a cyanide strength of .050%. Upon the addition of 
PbO this differential increases and optimum conditions 
become less critical, operating ever a cyanide strength 
range of .050% to .075%. The curves on gold extraction, 
Fig. 14 effectively illustrate the detrimental results 
of copper in cyanidation and the counteracting force 
of Pbo, 

The apparent decrease in CaO consumption with 
increase in cyanide strength, for the pyrite ore, may 
be attributed to the increase in OH” concentration with 


increased CN” concentration, since the OH™ and CN~ 
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ions are interdependent. In the cyanidation of the 
copper sulphide ore this decrease in CaO consumption 
is further accentuated by the dissolution of copper to 
form an additional OH” ion concentration. 

As previously mentioned the reason for the decrease 
in gold extraction when cyaniding the pyrite copper ore 
may be attributed to two causes; insufficient cyanide 
to dissolve gold, because of high consumption by 
copper; and alteration of the surface of gold by copper 
in such a way as to prevent cyanide from attacking the 
gold. Hxperimentl work substantiates the latter point. 
In the cyanidation of the pyrite ore, test No. 230, 
eyanide strength ranging between 0.025% - 0.018%, a gold 
recovery of 77.7% is obtained. However, in the 
eyanidation of the pyrite copper ore, test No. 237, 
cyanide strength ranging between 0.100 = 0.018 per cent, 
a recovery of only 47.3% is obtained. It seems there. 
fore, that the drop in gold extraction can be attributed 
in part to the copper. It is reasonable to suppose 
that the copper ions in solution are adsorbed on the 
surface of gold, forming a coating which is less easily 
attacked by cyanide than gold in its original state, 


thereby decreasing its rate of dissolution. 
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Fic.)4- EF¥ECT OF PbO AND VARYING SODIUM CYANIDE ST:hACTH ON THE RELATIVE QOLD EXTRACTION 
IN THE CYANIDATION OF A PYRITE AND PYRITE COPPER SULFIDE ORE. 
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INVESTIGATION No, 23. Combined effect of low pH 
and varying PbO on the solubility of copper in the 
cyanidation of a copper sulphide ore ~- Table 23. 

As both a low pH and PbO additions give a reduction 
in copper solubility, tests were run at a pH of 7.5 
with the addition of PbO varying from 0,00 to 3.00 
lb. per ton ore. 

Results; 

Cu = solubility constant at .022%, 

Nac - consumption constant, 

NaCN/Cu - constant but high, 

pH - ranged from 7.5 at beginning of agitation to 

7,2 at completion of agitation. 
Discussion of Results: 

Amphoteric substances have the property of being 
more soluble in an acidic or basic solution than ina 
neutral solution. Investigational results indicate 
that at a low pH of 7.5 the effect of PbO in reducing 
copper solubility is destroyed. <A possible explanation 
of this phenomenum is the decrease in the solubility 
of PbO as a result of its amphoteric nature, thus 
Be yeu tind its subsequent coating of the copper minerals. 

The high mol. ratio of NaCN/Cu indicates a partial 


titration only of the total cyanide at the low pH. 
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INVESTIGATION No. 24, Effect of a strong oxidizer, 
Na0Cl (perfex) on the solubility of copper in the cyanid- 
ation of a copper sulphide ore - Table 24. 

To study the effect of oxidizers as a means of 
controlling copper solubility, tests were run on a copper 
sulphide ore with the addition of increasing amounts 
of NaOCl. Since in the discussion on copper it appeared 
that the copper complex ion was formed by a mechanism 
Ssimilar.to the following; 

ow” # 20N- = cu(cN), 

2Cu(CH) 5 = 2cucN # CoNo 

CucN # 2cn = cu (CK) 3 
it seemed probable that in an oxidizing atmosphere 
divalent copper would prevail, thereby, reducing the 
cyanide to copper ratio from 3 to 2. Also, the 
possible precipitation of the copper as Cu (OH) , would 
result ina further reduction in cyanide consumption. 
Resul te; 

Cu - Solubility decreased from .034% to 0.00%, 

NaCN »= consumption increased from 7.50 to 9.70 

lb. per ton ore, 

NaCN/Cu - increased from 2.9 to 15.8, 

CaO « consumption erratic but essentially constant, 

pH = slight decrease from 11.35 to 11.10, 

R.P+ # reducing power decreased proportionately 


from 84 to zero. 
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Discussion of Results: 


Results showed that a reduction in copper sol. 
ubility is affected, however, not by the mchanism 
proposed above. The strong oxidizing action of the 
NaOCl results in a decomposition of the cyanide radical 
into its elemental components C and N and evolving them 
as COo, CO, NO. and NH3. Thus, the reduced copper 
solubility must be attributed to insufficient cyanide 
strength. Similarly the high cyanide to copper ratio 


is due to the abnormal cyanide destruction. 
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INVESTIGATION No. 25. Combined effect of PbO and 
Najg0o on the solubility of copper in the cyanication of 
a copper sulphide ore - Table 25. 

To continue the study of oxidizers, an oxidant, 
Na50,» with a weaker oxidation potential was employed. 
Tests were carried out on the copper sulphide ore with 
0.50 pound PbO and 2.00 1b. PbO and varying the amounts 
of Na50, from 0.00 to 5.00 lb. per ton ore. 

Results; 

Cu - 0.50 lb. PbO = solubility constant, 

2.00 lb. PbO |= solubility decreased slightly 
from .009 to .006 per cent, 

NaCN = 0.50 1b. PbO = consumption constant, 

2.00 lb. PbO = consumption decreased slightly 
from 2.45 to 1.85 1b. per ton ore, 

NaCN/Cu «= essentially constant but high, 

CaO - consumption increased for both series. 
Discussion of results: 

With 0.50 1b. of BoO, the addition of Na,0, a oeeee 
to have little effect on copper solubility or cyanide 
consumption. However, with 2.00 1b. PbO a slight 
decrease in both cOpper solubility and cyanide consumption 
is obtained. It is possible that in the latter instance 
the Naj0> has exidized the ou (CW) 5 to o* £ 30N- (3) 
to a limited extent, with its subsequent precipitation 


as Cu (0H). 
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INVESTIGATION No. 26. Hffect of PbO and varying 
amounts of Nan, on gold extraction, copper solubility, 
sodium cyanide consumption and sodium hydroxide con. 
sumption in the cyanidation of a pyrite and pyrite 
copper sulphide ore - Table 26 = Fig. 16. 

Tests were performed on a pyrite copper sulphide 
ore with the optimum addition of 0.50 1b. PbO per ton 


of ore and varying the amount of Nao0 from 0,00 to 


e 
3.00 lb. per ton ore. 
Results; 

Au - Extraction increased to a maximum of 106.0% 
at 1.0 1b. Nag0,. and then decreased with 
further additions, 

Cu - solubility decreased slightly from .024% to 
020%, 

NaCN = consumption decreased from 6.30 to 5,50 


1b. per ton ore, 


Au/NaCN - maximum value of 18.8 at 1.0 1b. Na,0,, 


22 
eOincident with maximum Au recovery, 
NaCN/Cu | eke constant, 
NaOH «- consumption increased, 
R.P. = constant at 90, 
pH - slight increase. 
Discussion of results; 


The increase in gold recovery to reach a maximum 


with increasing amounts of Naj0, and the drop in recovery 
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with further additions of NapgQ5 beyond this maximum, 
substantiates the proposed mechanism for the dis- 
solution of gold by oxygen and cyanide, as outlined in 
the theory of cyanidation. 

It has been previously proposed that copper sol. 
ubility, with corresponding cyanide consumption, may be 
reduced by oxidation of cu (ow) = as follows; 

Cu(CN)” = ott x 3cN~ (. ; 

owt? y 20H" = Cu (OH) . (precipitates out) 
The occurrence of this reaction to a limited extent 
may account for the slight decrease in copper solubility 
in this instance. The constant reducing power confirms 
the comparatively mild action of Na,0, as an oxidant, 
with that of NaOCl in investigation No. 24, and suggests 
the use of an oxidzer with an intermediate power as a 


possible means of furthering the above reaction. 
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INVSTIGATION No. 27. Combined effect of PbO and 
Na,,05 On gold extraction, cOpper solubility, sodium 
cyanide consumption and lime consumption in the cyanid. 
ation of a pyrite and pyrite cOpper sulphide ore - 
Pable*2y “Fig. 2%. 

To determine further the relation between PbO and 


Naon0 tests were run on a pyrite copper sulphide ore 


5? 
with Nao05 constant and varying amounts of PbO. The 
optimum amount of 1,00 lb. Nan0, and the less favorable 
addition of 5.00 lb. Nan0o were employed, with PbO 
varying from 0.00 to 2.00 lb. per ton ore. 

Results; 

Au - 1.00 15. Nao05 - extraction increased to 
maximum of 96.6% at 1,00 lb. PbO per ton ore 
and then decreased to 56.0% at 2.00 1b. PbO, 
5.00 1b. Naj0, - maximum extraction of 78 .0% 
at 0.30 1b. PbO and then decreased to 49.2% 
at 2.00 lb. PbO, 

Cu. 1.00 Tb! a0, - solubility decreased from 
032% to 014%, 
§,00 1b. Nao, - solubility decreased from 
026% to .012%, 

NaCN - 1.00 lb. Nap0, ~- consumption decreased 

| from 7250 1b. to 3.85 1b. per ton, 


5,00 lb. Na50o »- consumption decreased from 


6.25 1b. to 3.80 lb. per ton, 
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Au/NaCN - 1.00 1b. Na,0, - maximum value of 17.4 


2 
cOincident with maximum gold recovery, 
5.00 lo. Na,05 - maximum value of 13.9 
at 0.50 lb. PbO per ton ore, 
NaCN/Cu ~ 1,00 lb. Na,0, - increased from 3.1 to 3.6), 
5.00 1b. Nan0o - increased from 3.1 to 4.1, 
Cad - 1.90 lb. Na505 - consumption increased from 
-0.30 to 0.42 1b. per ton ore, 
5,00 1.) Na50, - consumption increased 
from -0.30 to 1.20 1b. per ton ore, 
R.P- = 1.00 1b. Naz0, - decreased from 108. to 60, 
5.00 1b. Na,0, ~ decreased from 93 to 60, 
Discussion of results: | 
As in Investigation No. 26, the decrease in gold 
extraction with excess NaoQ» further confirms the hypo. 
thesis of an optimum oxygen concentration for each 
particular cyanide content, at which the cyanide and 
oxygen molecules appear at the gold surface in exactly 
the right proportion to affect a maximum rate of gold 
dissoOlutioa, 
The respectively lower copper solubilities with 
the larger Nad, addition would sopoee to indicate the 
oxidation of ou (om) to ow 4 30N~ Z (.) and its 
subsequent precipitation as Cu(OH)., or some similar 


mechanism, 


oe ee) 


| * . ae 
(eos) | 


Ts y J rg Sit V Poe Reet - Gok eat 00. f 
od ~~ r 

¢ YSOvOD: minamn miiw I neh tomtes 

4 s ‘ we 


=) 


+ oO.ak dt ot, 4 
,otO Mos a Od@ ad 08.0 3s 
J 7, ‘t pepe colnet ,O01 O00 7 
Dif meet? | 


hoabaer pat 


- 


» © eB , o£. 00; ¢ 
bsenetoant aos 6 MUEHOD = eGeed » Ot OO... ws Oso 
~ oro neg <8q FL GE, O oF. 0850. 
Be ToL i : ; 


= ‘ O38 vi + at J. GQ x G 
% ale 
870 nov .98C 


bw O- ime xt q 
9§ -GOL "3, Beeseigen = ese. «Ost OU. [ taal 19.8 
Se. 
Bk mor 6: wha Sfp = ol. bt ~ol 00. ¢ 


istingsx toa #0laavoe ld 
I me LE A RO RS Sern Aa see eRe Beem Seren ee 
1 - ~ 4 f pa’ fi 4 yy ‘ res) & T a £ mh 
i st eT. 2) Si Fe ‘ én 9 we had & a it , ase 
Pe ec fel ct oy re) ¢ = ce ee ye as t ,ET oe ipa: 
MYLO tens Tie} ele PESOS ESL GS as a 
: _ 
1m rot tie dt pbohes nos vxto muaitoo me to aeisencd 
\ i , of Lal & et 8, ead “¢ 7, \ wm. 4, Me ; P N 
feeyo- sft doidw te ,taddien ebiasyo teleyois7sg¢ 
i 12% bien sfc ve tsetae asivoelonm Nenyee 
SajSat mimixso « toed 


dé of aoidacqorq iJdgit -ong 


wot wo Loge Ih 
06 Tagen Fewol 


ylevitoeqeet siT 
OY "| Ciuc 


we 


¢ Diwew molt £5be.,.008% teosarsi ony 
SS | 

4\ ‘ 
cee. (rm) Ne TOE Mee et *, m0) x9 to nottebixe 


“Uv ,.(80) 60 ep moligtigioeig srenpesius 


fe inacdio em 





(210) 


However, the concentrations of oxygen required to 
affect a large reduction in coOpper would necessarily be 
in excess of those required for maximum gold dissolution 
and thus limit this approach as a means of further de. 
ereasing copper in solution. 

The generally lower cyanida consumption with the 
5.00 1b. Nan0, may be attributed to the lower copper 
solubility. However, the higher NaCN/Cu ratio for 


5.00 Lb.% Nand indicates that the decrease is not 


2 
sufficient to correspond with the decrease in copper 

and that an actual increase in cyanide consumption 

exists possibly due to an excess of Nan0o° A probable 
explanation is that the CN is oxidized to cNOo" and, 

as such, does not appear as free cyanide. 

An examination of the reducing power values 
indicates that both an increase in Naj0> and the decrease 
of copper in solution (attributed to PbO additions) 
results in a lowering of the reducing power of the 


solution. 
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INVESTIGATION No. 28. Effect of phosphate, PbO and 
NagQ0o on gold extraction, copper solubility and sodium 
cyanide consumption in the cyanidation of a pyrite and 
pyrite copper sulphide ore - Table 28. 

Investigation No. 12 indicated that phosphates 
accelerated the dissolution rate of gold as compared 
with the ordinary lime circuit. Tests were therefore 
run on a pyrite copper sulphide ore to show the effect 
of phosphates alone, with the optimum of 0.50 lb. PbO 
per ton ore and with the further optimum of 1.00 1b. 
Nando per ton ore, 9n gold recovery in presence of 
copper. 

Results; 
Au - phosphate alone - extraction of 32.6% lower 
than for equivalent lime circuit, 
plus PbO = slight increase to 39.3%, 
plus PbO and NaoQ5 - further increase to 
43.0%, | 

Cu - solubility constant and high at .040%, 

NaCN ~ slight decrease with PbO and further 

decrease with Na,05 and PbO, 

Au/NaCN « increased corresponding to Au extraction, .- 

NaCi/Cu - essentially constant but low, 

R.P. = Slight increase for PbO which decreased 

again with Nag0o, 


pH » lower than corresponding CaO or NaOH circuit. 
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Discussion of results; 

The decrease in gold extraction in a phosphate 
circuit, as compared with the ordinary lime circuit, is 
apparently due to the increase in the dissolution rate 
of copper. This becomes apparent from an examination 
of the two tests. No. 327 -- Au extraction 32.6%, 
Copper .040% - phosphate circuit. No. 144..Au extraction 
50.8%, copper 0.32% -/ lime circuit. The increase in the 
copper solubility results in a decrease in the cyanide 
strength and with the further inhibiting action on the 
gold surface by the increased cOpper complex ion con- 
centration, effects a lower gold extraction. Moreover, 
the results indicate that in a phosphate circuit, Pb0 
is not as effective as in a corresponding lime or 
sodium hydroxide cyanide circuit, possibly, due to the 


comparatively lower pH of the phosphate buffered solution. 
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INVESTIGATION No. 29. Effect of PbO and Na,0, on 
gold extraction, copper solubility and cyanide con. 
sumption in a lime and sodium hydroxide circuit, in the 
eyanidation of a pyrite and pyrite copper sulphide ore 
for 24 hours - Tables 29A, 29B and 29C, 

To determine whether the optimum PbO and Na0, 
conditions as determined in previous test work, applied 
for a prolonged period of agitation, tests were carried 
out on a pyrite copper sulphide ore in both a lime and 
sodium hydroxide circuit. The pyrite concentrate used 
in these tests was ground to 87% minus 200 mesh. 


Results: 


Au « | Relative Extraction % 
CaO 20 25% NaOH 950% NaOH 
pyrite ore 100.0 107.9 Sapa 
pyrite Cu ore 95.9 102.9 eat: 
pyrite Cu ore £ PbO 115.3 109.8 172,5 
pyrite Cu ore £ PbO 


Cu = solubility increased with time but at a gradual 
creased rate to reach a maximum of 0.128% copper 
i.e, the total coOpper content of the ore was 
soluble in 24 hours, 

NaCN « increased consumption with time, greater con. 
sumption with PbO which is reduced siightly by Nao0,, 

Au/NaCN - increased with addition of PbO and Nap0o, 


NaCN/Cu - decreased with time, 
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pH += higher for pyrite copper Ore than pyrite ore, 
R.P. increased for copper, 
increased slightly by Pbo, 
decreased slightly by Na,0, 
Discussion of results; 

The investigational results follow the general 
trends established in previous test work. However, 
the maintaining of cyanide strength throughout the 
tests and the inability to establish the actual time 
the recoveries are effected, tends to screen the full 
effects of PbO and Nao, in decreasing copper solubility 
and improving gold oehbenahen. 

An exception to the general trends established 
previously is the decreased gold recovery with the 
addition of Nay0, when Operating in a NaOH circuit. 

The importance of alkalinity control in conjunction 
with PbO is illustrated by the increase in.gold 
extraction for an alkalinity of .050% NaOH as compared 
to .025% NadH. | 

The gradual decrease in the NaCN/Cu ratio to 
values below 3, with increasing copper solubilities, 
infers the formation of conper complexes other than 
Cu (ci) 5". The higher pH for solutions containing 
copper is attributed to the formation of OH ions by 


the dissolution of copper. 
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INVESTIGATION No. 30. Effect of PbO, in ores of 


different copper contents, on gold extraction, copper 
ere vary a. cyanide consumption, and sodium hydroxide 
consumption in the cyanidation of pyrite and pyrite 
copper sulphide ore = Table 30 - Fig. 18. 

To determine if the relationships established in 
the preceding investigations held true for ores 
cOntaining different percentages of copper, tests were 
conducted on three ores which contained 0.67%, 1.34% 
and 2.01% Cu. The percentage of copper mineral was 
the only variable. 

Results; 

Au’. 6.67% Cu « extraction increased to a maximum 
of 83.6% at 0.50 lbs. PbO, and decreased when 
more PbO added. 

1.34% Cu = extraction increased to a maximum 
of 81.5% at 0.50 lbs. PbO, and then decreased. 
2.01% Cu - extraction increased to a maximum 
of 66.5% at 1.0 lb. PbO, and then decreased. 

Cu - 0.67% Cu - Solubility decreased from 0.032% 
to 0.014% Cu, 

1.34% Cu — Solubility decreased from 0.044% 
to 0.026% Cu, 

2.01% Cu = solubility decreased from 0.052% 
to 0.034% cu, 
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NacN - 0.67% Cu - consumption decreased from 7.70 
to 4.25 1b. per ton ore, 
1.34% Cu = consumption decreased from 8.90 
to 6.65 lb. per ton ore, 
2.01% Cu «= consumption decreased from 9.15 
to 8.20 lb. per ton ore, 
Au/CN - 0.67% Cu = ratio increased erratically from. 
13.9 to 17.3, 
1.34% Cu - ratio showed no significant 
change » average value was 9.6, 
2.01% Cu = ratio showed no significant 
change = average value was 6.9, 
NaCh/Cu - 0.67% Cu - ratio increased from 3.1 to 3.9, 
1.34% Cu = ratio increased from 2.6 to 3.3, 
2.01% Cu - ratio increased from 2.3 to 3.1, 
CaO . There was a small increase (negative to less 
negative) in each case, 
pH - remained constant at value of 11.75, 
R.P. - 0.67% Cu - values decreased from 100 to 60, 
1.34% Cu - values increased from 100 to 118 at 
1.00 1b. PbO and then decreased to 92, 
2.01% Cu = values increased from 86 to 128 
at 1.90 1b. PbO and then decreased to 114. 
Discussion of Results; 


The decreased gold extraction, the increased copper 


Ov .~.? mot bean ox0eb co ttqasancs P’ i) ia.0 - wet 
axe aot FOG, SL. as, 4 oe a Ki 
08,8 mott dbeagetosb, nO LIME ROS ” Pra Rag. By bi 
ete aot eq dt 0.8 or 
af.€ moqt beeser0eb noid qauesto « 9 840,85 
, oro not toq .d Ll 08,,8 Ch 
‘Mort yllesisverre Seeserttt vits2 « #0 RV. 4 ico 
ig L of QE 
tio £1 ii te dn awash eliss m SO Rae. 
: (d.€ egw enley egersrs, ~ epuedo 
toisottiag ie on bowers oivat » B0 #50,.% | 
| ¢%.d saw eulev eyetove - egiieco | 
»@.£ of L.€ coat, boeasront citer ~ #0 890.0 - nO Wel 
Es of 2.5 mont beeneron! Shea 9 Reg. ag 
£.€ 0% £.8 moa? beaserent otter - wd BL0.S . 
angel og evidpaen) ensexont Lene & Paw ex odT ” Oe 
oan tinge mt lev it enon 
,Cf. ff to safev ta dustenco hbentemet . Hy 
,00 o¢ OOL mort heeseyoeh sen Lev «~ BORVO.0 « .4.28, - 
ts BIL ot OO. moxt hbeesetont senisvy «wD Rees f 
i8R od beskeroeb aniflt bas OCF ,6L, 00.5 
Gf ot d& pave heassront Beuley « #0 &10,5 





Pil oo beeso1tveb aett brs odd Gh, O04 ts 


ied tun efi to nohesyoske © aie 


- . - , ite 
‘ Leqqos boeadionk siv ,sobsoeudxe ploy beesetoeb ect + 
4 
, J, 4 Visi 
we oT ae Ae) See aie 
7 Avs A Sree i ‘ oe 59 [ : te | ary 4 PNK . Ay 


(223) 


solubility, and the increased cyanide consumption can 
all be attributed to the increase in copper content of 
the ore, | 

The optimum gold extractions for the three percent. 
ages of copper are obtained at approximately the same 
litharge addition. This suggests that the action of lead 
in inhibiting the copper minerals from the action of 
cyanide is one of adsorption. In adsorption of this 
type the consumption of the adsorbed phase by the 
adsorbent is small. By increasing the amount of the 
adsorbent, the increased consumption of the adsorbed 
phase is small. In this particular case with the 
copper minerals as the adsorbent and the lead as the 
adsorbed phase, the consumption of lead with increased 
copper minerals would not be significant. 

The low values (average 2.6) of the cyani® copper 
ratio for 2.01% Cu ore indicate that the copper may be 
going into solution in some other manner than by the 


formation of Cu(CN)3. 























Oya en f Va » , 
noe. : 1 aa “ oe fi 


He zo ro Lt qmwe sto 9 éntnude besseront i 
Ie tmetnoo teqqes nk easersat ond og botutiatte os a 
i | ee |) “ND | 810. eit 
st ieoTeg eetad odd <0? atottostine ploy apntdqn: ‘edt | Bare 
; emee edd yistemixorggs ta benksi do eta Teqqoo To Bege i | 
past to noises od? tact Vesecguue ela? . noid ibba en tani £ f 
‘to moldos eld mott eler)enia nreqgoo ert gait td bint ok 
& kris te aoitqreebs al noktqzonbe to ase ‘et cine 
ont yd seerig | fed toabs edd to no Ls qmsEnod - odd equt 
ons to smyoms ert ahteseron! ya ..iisme et rnd ake 


bedvoebs edt to notiqmiznos boese1smt edt ,dasdtonbs. 


. ee 
A) 4 


edd diiw eeso telvolts ta¢ etdd aI +ifsae el eaanig 
enit ue bael eld bas snedyoshs ont as eLaromio reqgeo 
say tala itiw beet +0 eddehaswos edd ,seedg bedtoads 
«dns ft ingie ed ton BLluow elerenim ‘soqaye: 
‘hieiat Sitteyo ects te (a, oneveve) eeu lev wol.edT 
ed yom teqqoo erit sact steotbah exo uO NIO.$ 402 Obtst 
od ys mest tennem rerto emo at aoltefoe otal gatog 
om | +p (uO) WO. te noid carrot 


\ 





(224) 


ai 


: ui 
(prepueqs) pepps zed 


a 
wu 


TO°? 
vet 


PLE-OLE 
698-998 
doo %129°0 = $99=098 4S9L 


*49509 plepusis B Sse UOTANTOS epTuBAD SUTT @ UT UNA sem Bog Ase] 








g°9 g°gg ees" 2 7E0° vit 0022: 08211 qe°O- ge8zo°=SzO* O2°8 O8T0°“00T° Pass 
L°9 Z°Ls OOr° G°Z PTO" OTT O92. O87 LI OF*O" -0620°=GzZ0° 09°S OFTO°=O0T° Gus 
9°2 s*99 Sor° 9°2 ¥70° 921 OOM) eh? 1 Gr°0=  G6Z0°=820""> GL°e seeto™=O0T! Zig 
r°9 Z°LG 007° b°? 850° 80T OS10 Soh TT GG*O- g080°-Sz0° S6°S -SOTO°=O0T° Tas 
7°2Z gree SST° e°2 2S0° 98 TEN GL Lt Gr°O™ S$6Z0°=SGZ0° ST°6 . S800°“00T"® O2e 
9°6 9°¢9 Str° S°¢ 920° 26 OO"2  —GLrIT Gz*O= _Gl20°=Ga0" = GO"S -{GSe0"=GoT* 1698 
8°6 S*TL oos° 2°s og0° ZOT OG*t. | SLUtT OS*0=. _O820"=G20"""06 “OL c0e=001° S98 
v°6 o°RL ozs° 6°s 920° STI O08 “GL211 OP"O= O6Z0°=GE0°_“OGa4 101ZGR=00T* 266 
L°6 s°Ts OLS° o°¢ 990° OTT 09°. - GERI OS*0- 0090°-SZ0"  OF"B ~~ 0910"=00T  S9¢ 
ite S'7Z OLT° 9°2 v0" OOT TEN GIT SP°O>. SégO°=Sz20°. 06°89 .fOLLOR=00T° S99 
SET mo 9 PSL gis° 6°S 710° 09 00385 “O10 UI SO°O SPZ0°-SZzO* Ge°F GLGO*-O0T° 79¢ 
T°?T 24°89 O8t° es 910° 99 os GLUE GO‘Om 9Gzo°=GZ0°.  G@°F  STSO‘=00T° e9¢ 
S°ST 2°28 GLg° t¢ 2z0° 28 OOS “GFE QT°O= g9g0°=970"" ~~ OG°o. FOLTG.-001° —2ae 
G°et 9°98 ges° G°2 220° 26 OS°O —-OL° LI OZ°O- O220°=S20". O8°0)> (Oeter-0Gn “199 
6°S L°S7 ogs° Ls Zg0° OOT TEN PAeae G2°0- SLeO°=S20°. OLSA 10920e-00 1: “099 
0°00T 002° ITN 9T [TN O9°TT 08°0 O41T0°=SZ0°  06°O OT60°=00T° 6g¢ 
% 10 % 810 810 210 

NOBN/oyY *19xqH u0eg/*z0 nO/NOeN *upos *d*y wol/eqt Hd  uog/eqr *upos % = u0g/*aT *u TO Sy On 
oTZ ey nV oP calc OT1 37 UT pepps *dumsuo4 esuey ¢-dumsuo4 eVUs 499] 

*T8u ny TOM ng odd 08) = HOVN MOBI 


eqtsfg 6 Jo uotaeptusAg euy UT UoTAdumsuO0D eptxoupAH umtpog pue fucotqdumsuog 
*‘£ATLTTqnjTog szeddog ‘uotyzosiqxg ptoy uo *squequog szeddoo yueze 








*solQ eptudtng s9ddoo oeqtasg pues 


1 
JSC FO SOLQ UT 


eptuef) untpos 
‘Odd JO 9eTJH = "Og STASL 








vaex0 ieee olay i ea me = 









; é re Guo + si = ae: 

= egnal .qmuedo0 epnet ve 
ty eat * aes X | moF\.dl  «tlsBR— +d 

"= - so a Oe ae Bia 








“tre OTLG,-880. 





i 9 0OE = £54 eS oe By50.-885.. OT. ng80.-00t. O85 
‘Sey,  Se~ > 68,0. OT.If .O0S.5- OTS0.-880. O5,0  O8d0.-005. “Tat = 
- 886. S68 = O0;f OT.LI . 85.0- Gesd,ndR. 08.5 Ole AbOk. “Soe oe 
S3i.  89- «Oat 8i.it de0.0- geS0.-850. 48.8 . Sidds-Oon. = 3 
if, -- 08 0048 OS.EL 0,0 GES0.-38G. SSR TCO. OOK, 





ety 
se ee at 


x 
i! i re 
= Car ee ae 
> ri x es 
a 
it 


vi 


: aA 2 
a 


: 
vf 





B20, = OOL *. ‘WL SRO -SRRO.<5S0. OC.E OL, 0OL. 8 
acs. [GTi —.03,0- 8Y. fl ~08.0- GOn0.c80. “08.8  Oam.tot << 
(380. ~ Sir eo BS.Ef  “ObO- @e80.-88. O87 G196,-O0L. iz 
086, =< SCE © 08a 8T.Ef G8,0- 0880.-c89, O08.T OTS0.-00L, G65 
| 880. — Se. 00.8 8Y.fI . @8.0-  37S0.-380, 68,0  G80.-00f, GBs ~% 


“ $30. 88 BME «BE. EL - b.G~ «0-8S0.-880..  SL.8  BB00.-00E, OTE. =; 
: BO... =~ 80L 02.0 > 6v.ff © 33.0~ @6SG.-d99. 6@.6 ~GOI0..001. Ito 
Y, | OO.T O0.if <SbO+ BGS0.-580.. GieS  CSLO.-GOEs STG 
$20... git O3-f O8.iL Ob.O- G@S0.-382. 03.8 GBIO.-UBI,, Fo 
£50. SLE OO.S OB.LE 68.06 d8S0.~c80.  GE.8  O8f0.-D0l. 58 7 oe 


co <3 Go & 
zs. 
cu 
. 
ae 
@ @ 
ee 
+ 
4 GO be oF" 
se 
£4 to 82 % 
ie 
Ci 
s 
a 
i 
Lael 


* 

su 

i 

ou = 
Gu 

i 

* 











tae) Siabusse 2 = 6 ao tiple obi na ye email g mi mv1 a2aw Océ tasT 


(bisba sla) BEBES seqqe* HVE. = BOG-O8G Jost bs 
BS.t GGEHGGe - 
a fi rao : 7 : » 

2 ‘Seen _ 


NOIGNTOS NI wNddOO INFN 


020° 


or 


© VITHAd © £0 NOTIWCINWXO FHL NI ALITIANIOS 
NX WFO FICVIEWA JO THO NW NI ‘OCd £0 LOWEME Gl “414 








a F Pie ’ 
= Oo 
ain) - 
ee 
SO eae 
Oe 
‘ se 
—(@ anal ie 
SO) (Ei AIOE) Cater 18) 
J a O (RD BRET) “10s nO 4 
O a O (no ¥19°0) “10s nO ¥ 
O— --- ——O (20 $t0°z) *axm ay ¥ 
7— --——O_ (80 FECT) axe BW g 
a —O (00 -415°0) *axm BW ¢ 


CNZOTT 





NOILOVELXE TION FALLVIFA INFONAT 





(226) 


Dts ©40°%S +S-rve 2B 


2 U-M-M°A-R- YS and’ *C°O N-C°L-U"S"l OW & 







ye , j i y ’ : eo 


eo Ws SE ee 1 


1 a 


=) 


EXQLEULONOD me YSAuuUE 


| t 


3 : - 


1 
3 ; ’ 


BUQLZAGHEMMOOER 


(227) 


DISCUSSION, SUMMARY AND CONCLUSIONS, AND RECOMMENDATIONS 





I DISCUSSION OF INVESTIGATIONAL RESULTS 


Investigational results substantiate the postulation that 
the underlying factor in the cyanidation of cupriferous gold 
ores is the establishment of a differential dissolution rate 
for copper and gold. this differential is attained in varying 
degrees, by the application of reagent control and chemical 
principles, which are, in order of their effectiveness, 
mineral coating, pH and alkalinity, oxidation, cyanide 
concentration, and precipitation. 

Mineral coating - The application of the mineral coating 
mechanism gives both favorable and unfavorable dissolution 
differentials depending on the type of substance employed 
to coat the mineral. Lead, in small amounts, is found to 
coat the copper minerals more effectively than gold when 
tests are run on individual copper ores (with no gold present) 
and gold ores (with no copper present). By increasing the 
amounts of lead the preferential coating ability of lead is 
decreased until a point is reached when lead coats the gold to 
the same extent as copper (investigation No. 14 and testsllos. 
140 to 143 investigation No. 17). 

However when copper and gold are combined the attainment 
of a differential is more complex than by lead coating alone. 
When gold is cyanided in the presence of copper, the gold 
recovery is reduced, which has been considered presumbably 
due to cyanide depletion according to past investigators. 


But there are strong indications that the copper complex ion, 
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formed by copper dissolution, coats the gold surface preventing 
its dissolution by cyanide. Lead appears to have a dual role 
with respect to copper; first, that of decreasing the copper 
solubility by adsorption of the lead on the copper minerals 
forming an insoluble coating and , second, that of preventing 
the copper ions from coating the gold, which is presumably 
caused by copper ions adsorbing on, or reacting with the 

lead. Thus when increasing amounts of lead are added there 

is first an increased recovery of gold attributed to the 
decreased copper solubility and the repression of the copper 
ions coating the gold. With further additions of lead the 

gold recovery decreases because the coating of the gold by 
lead becomes prominent and overrides the beneficial effects 

of copper suppression by the lead. 

the foregoing reasoning is borne out by the following 

" experimental evidence. In the cyanidation of gold pyrite ore, 
test No. 230, investigation No. 22, a gold recovery of 77-7 
per cent was obtained with a cyanide strength ranging between 
0.025 - 0.018 per cent. But, in the cyanidation of a gold 
copper ore, test No. 237 investigation No. 22, a gold recovery 
of only 47.3 per cent was obtained with a cyanide strength 
ranging between 0.100 - 0.018 per cent. Indications are that 
copper is affecting gold dissolution. This is further brought 
out when tests 144 and 146, investigation No. 17, are compared. 
The cyanide strength for test, 146, is lowered to a greater 
degree than for test 144, but the gold recovery for test 


146 was higher than for 144. it is clear then, that cyanide 































7 ‘| 
i =. 


uf . A ; ; . 
if Ps y: f he a 7 HY ie Z a 
*; ee ul 2 ¥ pa 4 ~ ee Wil ee a? 






ro shea sonata, Slog edd etlog ec ti ce b te Che td hoemzot 
Te ae i am ne: 
obt r a , neat if ft ‘Ceet oF 
st ot. Laub ie. eyed oe. exs0gia SOgt 90 boa ait bf f aid barn sid 
Legace old antesezood to fade text fseqqon oF Fo is mh 
1h ee: re fr he ee é wifen We 
elersnim togqoo edt a6 beet ond | to axdaroe be =i 
sifnevexrq To tedy. ‘inpeds-) . a anttoon » eat gent id gmt ey 
ea co le ee ye a oa 
vidanue sig et dotde: bios oda b ‘0% snot rEqqoe odt 





edi dtiw gak¢ neon #0, “a0 fpuldeeeto, oad “xogaes | ue beeven 
“anedt betbs ois beet io anyone, aniesexoat nedw ‘out baer ‘on 
. Bas of hetusiveds ‘biog bo. crores bopvereat a Rt) textt ai, 
tegqoo ead ‘ko noipserges sat bie wWidtduses: Seaaoe' ‘boesex09b " 
z sad bool to enold i bbe sedi, cere blog odd ‘gatteco not 
| ud Bicg edz to gutesoo ould eeveved poesazoes vievones bfop i 
etoeite ‘Tetotteded ‘end eobixzevg bas dnentmon beacced beet 
| | beet ve ae notes sxgqve aatee + 
gatwoilot edt wo sa6 eared ek goinosaex ailogorol edt : 
sto etiazya biog to Holtabinayo ond 4 seonobive lesseatreaee ” 
ret to yrevooes blop a (SS ,ou go biegiteewat 1088 108 en 
peated gabenas dtanoute ebiasye a "ia lw benistde ese tase ot Ks 
_ Bios @ to solssbinayo oth at ve -tave 194 ‘bro, a. ~ ©8000 
SOOT isles 6 SS .ol noltestseevet res: 10% toot 1980. a a | : 
dé gars ebktigyo 2 ‘dt bw: ‘bentetdo waw #n90 19g Eatd eine to” 
pad OTe énoltent Sal taed tg 6fo,0 - a0 .0 heer se ia 
(guord codtset Bi gut ‘roti foeeth SFoR aaidoorte ‘ot ton 
iaauce ex1s , {Ll sol nots ayivaevad Oat baa es oteet aeaw 3 


2 re e 
setasxs «© of bétewol et and seed to egress, obtarye © iat! 


a er pey: 

- jeot 10% yepvoost bles edt int obs deer “ok ede 
Cavs a Dew a a) 

‘ola tedt ede teeio at at! ce Ata as tedgid « 


se f J - oe \ i : A") 
Trt tt a 
7 " a es ad \ , ade 
? 
. 1 


7 é Dal 
- ’ he Th: ine By 
| i 9 a? a ro, | 
(4 nitw ¢ ~s : Pa i 
= ba a ¢ epi v i 





(229) 


depletion is not the only factor affecting the gold 
dissolution. Test 146 differs from test 144 in that 0.3 
lb. PbO per ton ore is added to test 146. This suggests 
that PbO has prevented the copper from coating the gold in 
some manner. The following mechanisms are advanced to explain 
the above results: 

(1) Pb ions adsorb on gold, 

(2) Pb ions adsorb on copper minerals, 
These two functions account for the decrease in the solubility 
of gold and copper. 

(3) Copper ions adsorb on gold, 
This indicates why the dissolution of gold in the presence 
of copper ions is hindered to a greater degree than could 
be predicted from cyanide depletion alone. 

(4) Copper ions adsorb on or react with PbO or 

Po ions, 

This illustrates how litharge decreases the effect of 
(3), that is, when lead is added the copper ions now adsorb 
on or react with the lead in preference to adsorbing on 
the gold. The maximum gold extraction is obtained by the 
correct balance of all mechanisms. Too little PbO does not 
fully utilize the advantages of (2) and (4), while too 
much lead by (1) nullifies the action of (2) and (4). 
This is nicely shown by Table 17 and Fig. 9, when an 
increase of PbO up to 0.50 lb. per ton ore gives the 
maximum extraction, while a further litharge increase 


reduces the extraction. 
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The actual form that the lead is in, to be effective, 
seems to be as an ion or as lead hydroxide and not as the 
insoluble lead compound. ‘this is shown by the results 
of investigations Nos. 15, 14 and 16 in which a soluble, 
partially soluble and insoluble lead compound is employed. 

the effectiveness of lead is subject to the degree and 
_ type of alkalinity of the solution. Because amphoteric 
Substances are more soluble in strong bases ( or strong 
acids ) and as‘PbO has amphoteric properties it is more 
efficient in solutions of high pH, that is, it 1s dependent 
6n the degree of alkalinity. Phat the type of alkali 
employed to give the required pH further iniluenees the 
action of Litharge is indicated by investigation No. 19. 
Here, although PeO in a sodium hydroxide circuit does not 
eoat the copper and gold *to the same extent as in a Lime 
eircuit, aifferential established in the sodium hydroxide 
Cireurt»1e the better « 

Like litharge, amines eifectively decreased the’ copper 
solubility, but unlike litharge the amines, even in small 
amounts, grestly decreased gola dissolution. that only 
small amounts of anines are required to greatly Lower copper 
solubility is attributed to a surface coating, impervious 
to eyenide sslutions, rather than precipitation en masse. 
the surface coating may ve obtained either by the formation 
of 4 copper amino precipitate or by the adsorption of the 


amine on the mineral sufface. 
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While the use of amines in the experimental work did 
not give a favorable differential of gold to copper dissol- 
ution, the results are nevertheless significant. If the 
principle of surface coating by organic compounds could be 
extended to selective adsorption in the right direction, 
1t would be a powerful weapon in combating the detrimental 
effects of copper and similar cyanicides in the cyanidation 
of gold ores. 

pH and Alkalinity - she study of pH and HCN dissociation 
indicates that a decrease in pid is compsrative to a de- 
erease in the free cyanide strength of the solution. 

' 
Investigational work shows that a decrease in both gold 
and copper dissolution may be effected by a Lowering of 
pH. A comparison of the two dissolution curves with pi 
(Figs. 6 and 7) indicates a close similarity in their 
slopes and as such Limits pH control as a means of 
establishing a aiftierential dissolution rate between 
copper and goid. With copper the decreased rate is not 
coincident with the theoretical HON dissociation curve, 
possibly due to the reduced cyanide strength as a result 
ef)eyanide consumption by ecopper. .Lhat the deereased 
rate for gold is not coincident with the theoretical curve 
may be attributed to the far from proportionate aissolution 
rate of gold with cyanide concentration. 

The apparent high cyanide consumption (investigations 


Neen h@s 11,1412 anud.25) at. Low.phiisjmisleading, in,that 
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only a partial titration of the total cyanide is obtained 
because of incomplete dissociation. The remainder appears 
as consumed cyanide. 

the type of alkalinity is a factor in the dissolution 
of gold and copper. A comparison of investigations No. 

17? and 19 for the dissolution of gold alone substantiates 
the work of other investigators as to the inhibiting 
action of cat? when introduced by CaQ. Investigation No. 2 
shows that this inhibiting nature is not extended to copper. 
While Ne0OH essentially had no effect on the dissolution 
rate of copper, the addition of phosphates (test No. 298, 
Table 10) accelerates its dissolution rate. Phosphates 
similerily popest to improve the dissolution of gold (test 
No. 230, Table 12) as compared to a lime circuit, but it 
is probable that this improvement should be considered 

a lack of inhibiting action, rather than an accelerating 
action due to phosphates. 

Oxidizers and Oxidation - The prevention of complex 
copper cyanide ion formation by oxidation seems to be 
borne out by investigations No. 26, 27 and 28. With all 
other factors constant, increased amounts of sodium 
hydroxide decreases the copper solubility. fhe nydroxyl 
radical, however, is too weak an oxidizing agent to effect 
the Lowering of copper (investigation No. 2 and 3). Perfex 
(NaOCl) likely would decrease the copper in solution by 
oxidation, but being too strong it destroys the dissolving 


agent, namely, the cyanide. An additional feature of the 
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oxidizers is noted from juveeplenitans Mes 2,35, 22,20 6nd 
27. In these instances, the cyanide consumption increases, 
and the increase is attributed to oxidation of the cyanide 
ion to the cyanate ion. Results from investigation No. 28 
appear to discredit this supposition as the cyanide con- 
Sumption decreases with the addition of sodium peroxide. 
But in this investigation only 1 lb. N&50, per ton ore is 
used while in other investigations, in particular No. 27, 
the increase is noted when 5 1b. Nag0, per ton ore is 
employed. it is believed that there are two opposing 
tendencies: first, the oxidation of potential cyanicides 
to non-cyanicides resulting in a cyanide saving; second, 
the oxidation of cyanide to cyanate. the first condition 
predominates at a certain degree of oxidation while the 
second predominates at a higher degree of oxidation. 

Investigation Noe 26 tends to confirm the heterogeneous 
reaction hypothesis. Here increased emounts of peroxide 
gives an optimum gold recovery at 1.0 lb. N@o0o per ton ore. 
Further additions of peroxide decreases the gold extraction, 
Substantiating the idea that oxygen and cyanide must be 
in the correct proportions to give an optimum gold 
dissolution. 

Cyanide Concentration - Investigations confirm ‘the 
prediction that an optimum differential exists at a low 
cyanide strength, when operating conditions are such that 


the oxygen content remains constant. investigations 
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Nos. 6 and 22 when cyaniding copper ore alone and gold ore 
alone respectively, shows the differential to be at 0.025% 
NaCN. When the two ores are combined the optimum differential 
is shifted to 0.050% NaCN. there are two possible explan- 

ations for this optimum differential shift; either the 
copper dissolution effectively lowers the cyanide strength 
to where the originel optimum differential exists (at 
0,025% NaCN) or the adsorption of copper on the gold 
shifts the location of the best fifferential by reducing 
the gold dissolution rate. 

Precipitation - Additions of eitner xanthate or stearic 
acid do not appear to form an insoluble compound more 
stable than Cu(CN)¢". While the addition of amines did 
effeecb a reduction in copper solubility, as* previously 
discussed, it is attributed to a surface coating, 
impervious to cyanide solutions, rather than precipitation 
en masse. 

Copper Complex #ormation - whe experimental work 
indicates thst cu( cn )§~ is not as prevalent as is 
suggested by theoretical considerations or the opinions 
of otner investigators+- Results of the present invest- 
igation show. that of all the tests carried out, altnougn 
the cyaniace consumption to copper dissolution ratio of 
3 predominated, a4 small percentage has a higher ratio 
and a small percentage (13% of the investigations performed) 


has a lower ratio. 
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While the higher ratios suggest the formation of 
complexes with a higher cyanide to copper ratio, this is 
on the assumption that the total cyanide consumption 
is due to copper dissolution. Aportion of this cyanide 
consumption, however, may be attributed to the presence 
of pyrite and addition reagents and thus does not 
necessarily mean that a higher complex is formed. 

Of the lower ratios the greater portion occur when 
the. copper in solution is above 6.034%. ‘this indicates 
that high copper may favor the formation of a copper complex 
with : lower cyanide to copper ratio. Conditions under 
which the tests were performed are such, that, copper 
-perlny Slates beyond 0.034% result in a low free cyanide 
content. this may be another factor affecting the format- 
ion of complexes with a Lower cyanide to copper ratio. 

“hile from the theoretical diseussion on the 
dissolution of copper, indications are that the formation 


of Cu( CN )3~ is favored and that abnormal concentrations 
and 

of Cu,CN are required for the formation of lower 

ratio complexes, this is on the assumption that the 

reaction is homogeneous. However, if the dissolution of 

copper is considered a heterogeneous reaction, the low 

eyanide concentration would necessarily result in a low 


diffusion rate of the GN~ to the surface of the copper 
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minerals. As such it is possible that the formation 
of a copper. complex with a lower cyanide to copper ratio 


takes place, wnen the conditions outlined prevail. 
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II SUMMARY AND CONCLUSIONS 


l. the detrimental effect of copper in the cyanidation 

of cupriferous gold ores is attributed not only to cyanide 
depletion, but also to the coating of the gold by copper 
ions. she cyanide consuming copper complex is most 
probably Cu(CN);, but conditions may be such that higher 
or lower complex ions are formed. 

2. Previous experimental work and results from this 
investigation indicate the dissolution of gold in cyanide 
solutions is a heterogeneous reaction, in which a 

maximum gold dissolution is dependent on the maintenance 
of a definite ratio of eyanide to oxygen. 

3. In the cyanidation of a cupriferous gold ore correct 
additions of litharge, either in a lime circuit or in 

@ sodium hydroxide cireuit, with or without an artificial 
oxidizer, appreciably inerease the gold extraction and 
Lower the cyanide consumption. Average comparative 


results are given in the following table. 


‘ | 
type of Type of Addition "Relative CN Cons. 
Ore Alkalty. Reagents % Au Ext. 1b/T.Ore 
| lo/i.Ore 
Au(pyrite) Cad Bat 100.0 1.30 
Au(pyrite)é& as eu | 51.8 1.90 
Cu Sulphides Cad 
do Gad Po0-0.50 8304 T<L5 
do Nadu Ppo-0.50 9226 6.20 
do Nadu PpO-0.50 & LO le 3 $660 


Naz0,-1.00 
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t Values relative to extraction of straight cyanidation 
in a lime circuit on © pyrite ore. 


Note: The tabled values are applicable only to the 
cupriferous gold ore employed in this investigation 
and do not necessarily apply to all cupriferous 
gold ores. 

4. With variations of copper content of the ore from 

0.67% to 2.01%, the optimum effect of PbO on gold 

recovery was attained by additions of PhO of 0-50 to 1.00 

lb. per ton ore. investigation: results and theoretical 

considerations point to the fact that the range in 

amount of FhO additions, in which optimum results of 

soldi recovery-ean be obtained, will never be large, 

Arregspective-of,the pereent)copper-in the ore, and 

Will in-all likelihood-be of the order indicated: above. 

If this conelusion is valid, then the practical mill 

operator will be relieved of the necessity of regulating 

the litharge addition to correspond with inherent 
fluctuations in the,copper content ofithe.ore. 

5. Optimum conditions for reducing,the detrimental effect 

of copper are subject to close control of operating 

conditions. #xcess amounts of Litnarge and oxidizer 
reduce extraction and increase cyanide consumption. The 
type of oxidizing agent is important, too weak an 
oxidizer is ineffective, too strong an oxidizer decreases 
extraction and increases cyanide consumption. Both Lime 
and sodium hydroxide, when used in their optimum ranges, 


are satisfactory but the latter is definitely preiterable. 
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6. in the cyanidation of a cupriferous gold ore, in 
which the oxygen content is fixed by atmospheric cond- 
itions, there is a definite cyanide strength at which 
the detrimental effects of copper are at a minima. 

For the ore used in this investigation the best cyanide 
strength is found to be 0.050% NaC. 

7-, Variation of pH alone does not.offer.an effective 
remedy. investigational work confirms the theory that 
HON exists in a partially dissociated state dependent 
Upon phe ~IReretore, Boe Cibralionsvealues of Biree 
eyanide* are erroneous at Low pi. 

8. Investigations, in which amines were added, showed 
that these addition reagents are powerful inhibitors 

of copper minerals to the action of cyanide. s5ut this 
action is extended to gold and is in no way selective in 
ite inhibiting ability. 

9. Addition of xanthates, stearic acid and aluminum 
exide. fails to improve, gold extraction or decrease 
rere consumption in the cyanidation of cupriferous 


gold ores. 
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III RECOMMENDATIONS 


le When cyanidation is conducted in a controlled 
sodium hydroxide cyanide circuit, increased gold recovery 
and decreased cyanide consumption may be obtained by 
correct additions of litharge and sodium peroxide. The 
quantities of addition reagents, alkalinity strength, 
and cyanide concentration must be determined for each 
individual ore. 

2e The general trend of results from the preceding 
investigations indicates strongly that the gold cyanide 
solubility reaction is of the heterogeneous type. 
Therefore, the most profitable future research should 
be an investigation to substantiate this hypothesis. 
3 Further investigational work is indicated to 
determine the effect of variables, such as fineness of 
grind and type of existing copper minerals, on the 
optimum effectiveness of litharge. 

4, The success of litharge in these investigations 
and preliminary experiments on lead acetate suggest 
that further test work be conducted to determine if 
other Lead compounds are more efficient than Litharge. 
5. As the intensity of oxidation is a factor in 
effecting copper solubility and gold dissolution, in 
the cyanidation of cupriferous gold ores, it is 


recommended that oxidizing agents other than sodium 
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peroxide and sodium hypochlorite be studied. 

6- Although the organic compounds used in this 
investigation were not effective in reducing copper 
solubility while maintaining maximum gold dissolution, 
it is thought thet other organic substances may be 
applicable. 

Je The principles of electrochemistry appear to 

offer a means of determining and influencing reactions 
in cyanide solutions. Future research is suggested 

in this field to establish a reliable electrochemical 
series of minerals Likely to occur in ores that are 
subject to cyanidation. 

8. Experimental work, other than that in this invest- 
igation has implied that catalysts (such as powdered 
earboniferous meterials, iron, and alkali carbonates) 
have their application in cyanidation. It is recommended 
that peeeaen research be performed along these Lines 
with particular emphasis on the cupriferous gold ores to 
determine a catalyst which accelerates the gold dissolution 
or retards the copper solubility, or both. 

vis / Since arsenic and antimony are usually classed with 
copper as eyanicides, and are often found associated 
with gold, it is proposed that the application of the 
results of this investigation might be a successful 


solution to this problem. 
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APPENDICES 


APPEN DIX (A) 


A. Sample calculation for determining Ksp from the 
solubility of a compound. 


Solubility of Copper Varbonate = 0.3 gms./L 
Molecular weight of Cuco; = 124.6 
Mol. solubility of CuCOz = 2.4 x 1077 gm. mol./L 
Cuco, = curt / CO," 
2.4 x 107? gms mol. / ly) of buco z will produce 

2.4 x 107? gm.e-ion/L of Cutt ana 


2.4 x 10°77 gm.-ion/L of 60," 


Ksp = Cott x T60ue 
2.4 x 10-3 x 2.4 x 1077 


5.6 x 1076 


Be Sample Calculation for determining mol concentration 
| of sud of required to preeipitate copper from a 
solution of 0.106% NaCN and 0.036% Cu. 
L Cu i= 6.026, = 0.36 gem. /l 
= 0.36 = 0.0057 gm. mol/L 
Consider all Cu as cu(cN),” 


Then the amount of cyanide tied up with copper 
=) 4,% 0.0057 = ©.017 em. mol/L 
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then the free cyanide availsble 


= 0.021 (Gm,Mol/L for 0.100% Nac) - 0.017 


= U.004 gmemol/L 


cu(CN ) 5 = cur 4 300" Kineteab., = 5.0 = 19728 


28 


(Gat (Gaye teh Oe 
BGS 
-28 


(Cut) (0.004)? = 5.0x16 
7.0057 


(Cut ) Ae x Lon ce 


to determine the CNS~ concentration to Frecipitate CuCNs 


CuCNS = Cut + eho Ksp - be x ig i a 
(cut) (cHs-) ea gigec tl 


(45) x NOs (CN ar) 217 Nae 
(CNS = cai dh Oh A 3.8 2 16 gm.mol/L 


4.5 x 16723 


GC. io determine the ion concentration to form a complex 
ion other than bul Cl )2~ 
(Cuf ) el A ORES 


(cut )(17)* = Lae D007) 2 amctape of Cul: 
als) e 


with copper content of 0.0657M then (Culs ) would be 
nearly 0.0057i 


(17)! 2 4n4 x 10TH x 5.7 x Te? 
LS ps Lo07¢4 


GT i Ae) x 102 = ion concentration required to torm 
form bulZ in preference to Cu( CN jz 
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APPENDIX (B) 


Determination of mineral content by chemical analysis, 


deeantation and mineral count. 


le. Uhemiecal analysis of the ore is made to determine 
the percentages ot the metallic minerals. 

2. A 150 gram sample of the ore is sized by decantation 
into eC€ight fractions. 

3- Polished sections of each fraction are prepared and 
a mineral count is conducted on each polished 
section to determine the relative abundance of the 
pertinent minerals. for ease of determination an 
arbitrary number of 20 is allotted to each particle 
and the relative abundance is estimated with the 
number 20 as the whole. 

4. Chemical analysis are performed on each sized 
fraction. 

sample computation: 
Mineral Count— Cut Wo. 6. 


bornite Ghalco- Covel- Uhalco- Pyrite 








py ee BieGe elite 
15 D a ies == 
put 20 ae ths ss 
LO 5 IL L A 
Total 2582 plese 84 40 250 


Percent Agee 44.9 Lae Cid A 
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Krom the relative abundance and the percentages of Cu 


and Fe in the cut, the percentages of each mineral can be 


calculated. 





Bornite Chalco- Covel- Chalco- Pyrite Total 
pyrite lite cite 
prelen Ch 3066 r Loe 1.0 0.6 47.1 
(48.2 x 6623) 
Cu in Cut 8a. 6 2 23.9 
7, Ou ex ila 7-8 G.5 0.3 25-9 
fot el CBG one K 25s) 
4767] 
i, Mineral (OSG. Pete han gd = 
Gee 
6663 
#hmte Le 5 Co] 6.9 Ge ae bie kL 15.1 
Clore | Ge 9) OLS) S) 
7 Fe in Cut No. 6 2 15.9 
*& pyrite gain 
Cea) 
4606 


# Amounts of Uu and Fe are calculated from the following: 


Bornite Ghalco-= vovel- Uhalco- 
pyr tue Lite cite 
Gu , 66.3 34.5 66 4 19.8 
He % LaLa 30.5 =— a 
Sie 25.6 35.0 Blac 20.2 


ryrite 
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From the abundance of the minerals and the weight of 


each cut, the actual % of each mineral in the cut is calculated. 


Por example: cut No. 6 Weight = 13.8 grams of 150 grams 





= 924% 
Pereent of each mineral: 
Cut Noe Bornite Chalco- Covel- Uhalco- Pyrite 
pyrive lite cite 
6 Cid ek U.07 0.03 re 





By the addition of the pereent minerals of each cut, the 


percent minerals of the total is determined. 


Cut How Bornite Chalco- vovel-=- Chalco- ryrite 
Dyrinen. wid te eite 
ih ys ae 24 = sass 
2 8 ae ye ae pies 
3 € ge se nape 2 estes 
4 ul nyt ee Bs eh 
5 gees pases ae onto oso 
fe) Cee 2odb UeU7] U.U3 Megs 
y] Pena as aS omens ao oo 
g a ae iii: aa a 
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